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The industrial revolution caused the release of carbon dioxide (CO2) into the
atmosphere leading to a climate crisis. The impact of more CO2 in the atmosphere has
been experienced by everybody. The summers are longer and hotter, while the winters
are colder and shorter. The ocean water has become more acidic threatening the ocean
life. There is an immediate need to reduce CO2 and switch to alternate energy for human
survival.
Electrochemical reduction of CO2 (ERC) is a promising technology capable of
converting excess CO2 into value-added products. The process of recycling CO2 can
address the problem of excess CO2 and is a sustainable solution until our dependence on
fossil fuels is reduced. However, currently there are very few catalysts that can convert
CO2 into valuable products with a low overpotential. The current research evaluates new
catalysts for their ERC potential. [Ni(cyclam)]2+ is a well-known catalyst used to reduce
CO2 homogeneously. Therefore, it was used as a standard to optimize the CO2 evaluation
protocol. Two new catalysts developed in Dr. Hollis’s laboratory, a Pt- pincer and a Fepincer molecule were assessed using this method. Cyclic voltammetry and bulk

electrolysis (BE) experiments were performed under Ar and CO2 environments. The
gaseous products from BE were primarily CO and H2 and their quantitative measurement
was performed using gas chromatography. Formate determination was performed using
UV-Vis spectroscopy. Faradaic yields were calculated for CO, H2, and formate. The
overpotentials were calculated for all the processes, and a comparison was made to
determine the most efficient process. The turnover numbers (TON) and the turnover
frequencies (TOF) of all the catalysts were calculated. Based on all the criteria, the Fepincer complex was determined to be the most promising catalyst for further
optimization. Additionally, a Faradaic efficiency calculation spreadsheet was created to
improve calculation efficiency. The protocol described here has been successfully applied
to assess new catalysts and can prove to be an invaluable tool when numerous catalysts
require evaluation.
Keywords: Electrochemical reduction of CO2, homogeneous catalyst, bulk
electrolysis, cyclic voltammetry, gas chromatography, formate, CO, H2.
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CHAPTER I
INTRODUCTION
The Earth has seen more record setting temperatures in the past decade than it has
in the past century.1 Moreover, the carbon dioxide (CO2) levels in the atmosphere have
steadily increased since 1950 when burning fossil fuel became the primary source of
energy.2 The excess CO2 in the atmosphere has led to irregular weather patterns that
cause severe droughts, powerful storms, rising sea-levels, ad ocean-warming. According
to NOAA (National Oceanic and Atmospheric Administration), the USA spent more than
a billion dollars in 2017 to rebuild cities destroyed by natural disasters.3 These extreme
weather events are collectively termed as global warming and are a result of increased
CO2 content in the atmosphere.4-5 The climate crisis needs our immediate attention to
ensure the survival of human society and the global ecosystem.6
The industrial revolution has shifted the carbon balance leading to more heat
retention from the sun.7-8 This greenhouse effect produces rising sea levels, melting of
polar ice,9 longer droughts, and more destructive storms.10-11 In addition, the excess CO2
leads to ocean acidification.12-13 The excess CO2 already in the air, land, and water must
be repurposed into valuable products.14 Moreover, the switch to alternate energy
resources like solar, wind, and thermal is the long-term goal.15
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1.1

Chemistry of CO2
Carbon dioxide (CO2) exists as a colorless, odorless, and tasteless gas in the

atmosphere regulating Earth’s temperature by retaining heat. It has two oxygens
covalently bonded to carbon giving it a linear shape. The double bonds between carbon
and oxygen atom make a stable molecule, requiring 187 kcal/mole of CO2 to break the
bonds.16 Hence, conversion of CO2 requires chemical,17-19 electrocatalytical,20-22 or
photocatalytical23 catalysis.
1.2

CO2 production and consumption
The natural sources of CO2 production account for a significant portion of the

total CO2 in the atmosphere.13, 24-25 However, the combustion of fossil fuels26 to power
our energy needs has upset the natural balance. Major anthropogenic CO2 sources are
electric power generation,27 the cement industry,28 transportation,29 and agriculture.30
Only a part of the CO2 released is consumed by plants for photosynthesis or is absorbed
by oceans to sustain aquatic life. Between 1943 and 2008, it was recorded that 43 % of
CO2 released by humans remained in the atmosphere.31 The increase in CO2 release will
increase CO2 retention in the atmosphere, causing irreparable damage to our planet.
1.3

CO2 capture, conversion, and utilization
A short-term solution to mitigate the rising levels of CO2 would be to capture CO2

and store it eternally. This process is called carbon sequestration and storage (CSS).32
However, the costs and risks associated with CSS make it less desirable. Hence, scientists
focus on capturing the CO2 and converting it into value added products like renewable
fuels. This technology is known as carbon capture and utilization (CCU).33 CCU has
2

attracted more attention from the scientific community due to its major benefits. It
ensures that no more CO2 is added to the atmosphere by recycling the CO2 already
present. Moreover, it would reduce our dependence on the fossil fuel industry by creating
renewable fuel resources.
1.3.1

CO2 conversion
CO2 conversion can be achieved by chemical, electrochemical, photochemical,

and photoelectrochemical methods. Electrochemical conversion of CO2 is a catalyst
assisted reduction resulting in formation of carbon monoxide (CO), formate (HCOO−),
oxalate (C2O42−) and various other products in aqueous and non-aqueous solutions. A
catalyst can perform electrochemical reduction homogeneously or heterogeneously. A
homogeneous catalyst is present in the same phase as the reactants, mostly dissolved in
an electrolytic solution. A heterogenous catalyst is in a separate phase than the reactants,
mostly adsorbed on the electrode surface. The current study investigates homogeneous
catalyst for the electrochemical reduction of CO2.
1.3.1.1

Homogeneous catalyst assisted reduction of CO2
CO2 reduction involves the breaking of a bond to perform the electron transfer.

The breaking of the bond and the making of a new bond imparts an overpotential to this
reaction. Overpotential is defined as the difference between the thermodynamic potential
and the experimental potential of a reaction.34 For a practical application, the
overpotential of a cell must be minimized. This can be done in two ways: selecting
electrode materials with high catalytic activity, also called as “electrocatalysis”,35-36 or by
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selecting molecules that can act as catalysts in the reaction cell, known as “molecular
catalysis.”37
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Figure 1.1 shows the electrode processes for electrocatalysis and molecular
catalysis. In an electrocatalysis process, a substrate A is converted into B at the electrode
surface that acts as an outer-sphere electron donor/acceptor. In molecular catalysis, the
electrode surface does not interact with the substrate directly. In homogeneous catalysis,
the catalyst is a reversible couple P/Q that is the liaison between the substrate and the
electrode. The catalyst will be oxidized or reduced reversibly at the electrode surface and
subsequently perform the reduction or oxidation reaction of the substrate (as shown in
Figure 1.1). A heterogenous catalyst is immobilized on the electrode surface in a single or
4

multiple layer. The electrode surface and the catalyst act as one entity and promote the
redox reactions of the substrate.
1.4

Techniques for catalyst evaluation
Homogeneous electroreduction catalysts are evaluated by cyclic voltammetry and

chronoamperometry.16 Before discussing each of these techniques, it is essential to
understand the basics of an electrochemical reaction.
1.4.1

Electrolytic cell
An electrolytic cell is the vessel that holds the electrolyte solution and

electrodes.38 The electrolytic solution consists of solvent, supporting electrolyte, and the
analyte. The electrolytic cell is shown in a schematic representation in Figure 1.2. The
electrodes are connected to a potentiostat that supplies the electrons necessary for the
redox processes occurring at the electrode surface.
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Electrode connections
Degassing ports
Electrolytic cell
Counter Electrode
Reference Electrode
Working Electrode
Electrolyte solution (solvent,
supporting electrolyte and analyte)

Figure 1.2

Schematic diagram of a 3-electrode electrolytic cell

A schematic diagram of electrolytic cell with 3 electrodes and two degassing ports (inlet
and outlet).

1.4.1.1

Solvent
As seen in Figure 1.2, the electrodes are immersed in an aqueous or non-aqueous

solvent38 based on the solubility of the analyte. The solvent provides the medium for flow
of electrons from the electrodes to the analyte via ionic migration. A good solvent must
have high solubility for the analyte and supporting electrolyte. It is a liquid at room
temperature and has no reaction with its solutes. A good solvent will not undergo
oxidation or reduction in the operational voltage range of testing. Electrochemical
experiments require solvents of highest purity to prevent undesirable reactions. Deionized
water is used for aqueous experiments and acetonitrile, dichloromethane (DCM),
6

dimethyl formamide (DMF), and tetrahydrofuran (THF) are a few examples for nonaqueous solvents. Non-aqueous solvents offer a wide potential window for the
experiment and high solubility of supporting electrolytes and analytes. Hence, they are
preferred over water in experiments. However, the toxicity and negative environmental
impact makes them a poor choice.39 An alternative is to use ionic liquids or a mixture of a
non-aqueous solvent and water to reduce health and environmental risks.
1.4.1.2

Supporting Electrolyte
The supporting electrolyte is added to a solvent to decrease its resistance, thus

improving ionic movement.38 A good supporting electrolyte is inert and highly soluble in
the solvent. A supporting electrolyte is added in high concentrations in the solvent to
maximize conductivity. Thus, it is essential that high purity salts are used for the purpose.
Any salt capable of forming ions in the solvent can be used as the supporting
electrolyte. A few examples of supporting electrolytes in aqueous solutions are potassium
chloride (KCl), potassium nitrate (KNO3), and sodium sulfate (Na2SO4). Tertabutyl
ammonium (NBu4+) is a common choice of cation for non-aqueous solvents. The anion
attached to NBu4+ could be hexafluoro phosphate (PF6−), tetrakis(pentafluorophenyl)borate ([B(C6F5)4]−), tetraphenylborate ([B(C6H5)4]−), tetrafluoroborate (BF4−), or
chlorate (ClO4−).40 Tetrabutylammonium hexafluorophosphate is stable and easy to
purify. Hence, it is good choice for experiments.
1.4.1.3

Electrodes
Cyclic voltammetry experiments use 3-electrode cells as shown in Figure 1.2.34, 38,

40

The working electrode is the site of redox processes, and unless it is used as a
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heterogeneous catalysis, it is made of inert material and does not participate directly in
the reaction. The voltage required to drive the reaction is supplied by a potentiostat. Since
voltage is a relative value, it is measured against a reference electrode. A potential value
is thus reported as “vs” the reference electrode name. A reference electrode has a steady
and precise potential value.
Aqueous solutions use Ag/AgCl, saturated calomel electrode (SCE) and standard
hydrogen electrode (SHE). An Ag/AgCl reference electrode would consist of Ag wire
dipped in AgCl solution in its own chamber. It is separated from the electrolytic solution
by a porous frit. The frit is highly resistant and only allows ionic transfer and prevents the
mixing of solutions.
Non-aqueous solvents use Ag/Ag+ reference electrodes that contain a silver wire
in a solution of AgNO3. The frit prevents leakage of solution from one compartment to
another. Common problems associated with Ag/Ag+ reference electrode are potential
drift during the experiment and contamination of the electrolyte with silver ions.41 Using
an internal reference like a ferrocenium/ferrocene (Fc+/Fc) redox couple is suggested to
calibrate the potential.42-43 The cell potential could be aligned vs Fc+/Fc couple instead of
the reference electrode thus circumventing the issue. There are many redox couples
available and hence the user can pick the one that does not interfere with their analyte’s
potential value.
A counter electrode (CE) provides the medium for electrons to freely travel in and
out of the cell. A CE has high surface area and is inert. A large surface area reduces
resistance to current flow, and the non-reactive surface ensures it does not promote side
reactions. A platinum (Pt) wire or a carbon rod are good CEs.40 A CE can be used
8

directly in the solution or in a fritted chamber based on its stability in the cell
environment.
The working electrode (WE) provides the stage for the electrochemical reaction.
The reduction (or oxidation) occurs on the surface of WE at the potential applied. This
surface must be inert, clean, and carefully selected based on the nature of reactants and
the reaction desired. A few examples of WEs are Pt, glassy carbon, gold, carbon rod.
Polishing removes surface impurities on the working electrodes.44 Sometimes, the
electrode surface can contain strongly adsorbed materials on its surface that would
require an electrochemical intervention.45 The best way to ensure there is no adsorption
on the surface is to run the voltammogram with and without the analyte using the same
electrode. Moreover, the electrode should always be polished before and after the
experiment. Sometimes, it is advisable to polish the electrode in between experiments if
there is a drop in current.
1.4.1.4

Degassing ports:
An electrochemical process is extremely sensitive to the presence of oxygen in the

cell atmosphere. In certain experiments, the presence of oxygen can modify the
electrochemical response or interfere in the redox process.46 Therefore, the electrolytic
solutions are degassed with an inert gas like argon or nitrogen before the experiment. A
glove box can ensure an oxygen free atmosphere for sensitive analytes. For bench-top
experiments, sparging the electrolyte solution with Ar or N2 followed by sealing the cell
can eliminate most oxygen interference.
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1.4.2

Cyclic Voltammetry
A sweep voltammetry measurement consists of recording the current response of

the electrochemical system by linearly changing the potential value at a certain speed.
The potential is plotted on the x-axis and the current is plotted on the y-axis. The speed at
which the applied potential is altered is known as the scan rate of the experiment. This
experiment is also known as linear sweep voltammetry (LSV). An example of LSV is
shown in Figure 1.3. In a cyclic voltammogram, the linear sweep voltammogram is
reversed to return to its starting potential. This allows the user to reverse the electrode
process and assess the redox potential of a substrate.

(b)

(a)

V2

V2

Time

Time

V1

Figure 1.3

V1

The first figure shows a sample linear sweep voltammetry. Figure (b)
shows a potential scan for cyclic voltammetry.

Figure 1.3a represents a linear scan from voltage V1 to V2. In Figure 1.3b, a cycle is
completed by returning the potential to V2 to V1.

As mentioned earlier, cyclic voltammetry is one of the main research methods to
assess a prospective catalyst for CO2 reduction. It is non-destructive and effectively
provides information about electron transfers occurring during a reaction. The resultant
10

plot obtained by measuring current response against varying potential is known as cyclic
voltammogram (CV). Although CV can also mean cyclic voltammetry, in this document,
it is used to mean cyclic voltammogram only. The initial potential (Ei), as seen in Figure
1.4 shows minimal current value as there is no reaction occurring at this point. The
potential scan continues until the direction is switched at the switching potential (Es).
This scan would produce a reduction or oxidation peak based on the scan direction.
Figure 1.4 shows the scan direction using arrows and the reduction reaction occurring
during the forward scan. The potential at reduction is Epc and the current is ipc. During the
reverse scan, oxidation occurs showing the oxidative currents with oxidation potential
being Epa and current ipa. The final potential Ef may or may not be same as Ei based on
the user’s requirements.

Epa

Es
ipa

Ef
Ei

ipc

Epc
E0

Figure 1.4

An example of an experimental cyclic voltammogram (CV) showing the
current response to varying voltage.
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The peak currents of a CV arise from a mass transport limitation. As mentioned
previously, diffusion is the main source of movement of the reactants towards and away
from the electrode surface. Mass-transfer by convection and migration are minimized by
running the experiment in an unstirred solution with excess background electrolyte.40 The
peak current indicates the conversion of all the analyte at the electrode surface from one
redox state to another. In a diffusion-controlled process, this is the maximum amount of
analyte available for conversion, thus producing peak current for reduction or oxidation.
The average between the peak anodic and cathodic potentials is E0, the system’s standard
redox potential. The potential of a reversible electrochemical reaction can be related to its
thermodynamic potential using the Nernst equation.34
𝐸 = 𝐸0 +

𝑅𝑇
𝑛𝐹

𝐶

ln (𝐶𝑜 )
𝑟

(1.1)

E is the applied potential of the system in volts (V) and E0 is the standard
reduction potential of the system. R is the ideal gas constant (J/mol•K) and T is the
temperature of the reaction in Kelvin. Co (mol/L) is the concentration of oxidized species,
and Cr is the concentration of reductive species at the electrode surface. ‘n’ is the number
of electrons transferred in the reaction, and F is the Faraday’s constant (C/mol). E is the
peak anodic or cathodic potential depending on the direction of the scan. The natural log
of the concentration ratio generates the exponential current curve.47 When the scan
direction is reversed, a reversible system switches to the opposite process, generating a
current response in the opposite direction. Therefore, the ratio of cathodic and anodic
peak currents for electrochemically reversible process is equal to unity (ipa/−ipc =1).
The cyclic voltammetry peak current (ip in the equation could be ipa or ipc in
Amperes) of a diffusion-controlled process is given by Randles-Ševčík equation (1.2).34
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The peak current is dependent on the area of the electrode (A in cm2), the diffusion coefficient of the electrolytic species (Do in cm2/s), the concentration of the redox species in
the solution (Co) and the scan rate (v in V/s).
𝑛3⁄2 𝐹3⁄2

⁄

𝑖𝑝 = 0.4463 𝑅1⁄2 𝑇1⁄2 𝐴𝐷𝑜1 2 𝐶𝑜∗ 𝑣 1⁄2

(1.2)

It is important to note that the peak current (ip) is a function of square root of the
scan rate (v) while peak potential (Ep) is independent of this entity. For a reversible or
quasi-reversible diffusion-controlled process, a plot of ip vs. v1/2 is a straight line
intercepting the origin. The slope of this graph can be used to calculate the diffusion
coefficient or the effective surface area of the electrode.40
The degree of reversibility of a redox couple can be estimated using the peak
separation (Epa − Epc), ΔEp. At 298 K, the ΔEp for a reversible one electron process has
been calculated to be 59 mV.48 A multi-electron process with reversible kinetics and ‘n’
electrons will be represented by Equation 1.3.
∆𝐸𝑝 = 𝐸𝑝𝑎 − 𝐸𝑝𝑐 =

59
𝑛

𝑚𝑉 𝑎𝑡 298 𝐾

(1.3)

The electrode potential has a strong effect on the rate of electron transfer, i.e. the
reaction kinetics. By controlling the potential value, one increases or decreases the rate of
electron transfer thus manipulating the current flow. The relationship between the rate
constant for forward (kf) and backward (kb) reaction is given by Butler-Volmer equations
(1.4 and 1.5).49-51
𝑘𝑓 = 𝑘0 𝑒[−
𝑘𝑏 = 𝑘 0 𝑒 [−

𝛼𝑛𝐹
(𝐸−𝐸0 )]
𝑅𝑇

(1−𝛼)𝑛𝐹
𝑅𝑇
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(𝐸−𝐸 0 )]

(1.4)
(1.5)

At equilibrium, the rate of forward reaction is same as the rate of backward
reaction. Hence, the rate constants for both will be equal (kf = kb). In this case, the
individual rate constants can be replaced by k0, known as the standard rate constant. In
simple words, the k0 quantifies the “kinetic facility” of a redox couple.34 Larger k0 values
indicates a faster reaction. Simple redox reactions involving aromatic hydrocarbons have
higher (between 1 to 10 cm/s) k0 values.52-54 As the complexity of electron transfer
increases or the electron transfer proceeds via multi step mechanism, the k0 values drops
to as low as 10−9 cm/s.55-56
Another important term in Equations 1.4 and 1.5 is α, known as the transfer
coefficient. The transfer coefficient, also known as the symmetry factor, measures the
symmetry of the energy barrier of a system.40 There are intermediate states called
transition states during the conversion of reactants to products or vice-versa. These
transitions states can be more reactant-like or product-like as the reaction proceeds. A
transfer coefficient translates these transitions into a numerical value with 0 and 1 being
the extremes. A transfer coefficient of 0.5 is generally used to define the intermediate
transition when actual measurements are not available.49, 57
Cyclic voltammetry can be utilized to screen CO2 reduction catalysts. In addition
to qualitative information about the catalyst, cyclic voltammetry also provides
information about the exact oxidation and reduction potential of a system. The equations
discussed here can yield more data about the catalyst behavior in the test conditions.
Hence, it is employed widely for initial evaluation of catalysts for homogeneously
reducing CO2.

14

1.4.3

Chronoamperometry
Chronoamperometry is a research technique where a potential step is applied on

the working electrode. The current produced is recorded as a function of time.34 The
result is known chronoamperogram has time (t) on the x-axis and current (i) on the yaxis. Figure 1.5a shows the basic potential scheme for chronoamperometry and 1.5b
shows a typical chronoamperogram.

(a)

(b)

Eapplied

0

Figure 1.5

t (s)

t (s)

(a) Pictorial representation of chronoamperometry (b) typical
chronoamperogram

Chronoamperometry technique shows the applied potential (Eapplied); Figure 1.5b shows a
typical current response plotted against time.

Bulk electrolysis (BE) is the most common chronoamperometric methodology
used for evaluation of catalysts. The cyclic voltammetry results can pin-point the
potential for the oxidation and reduction of the analyte. This electrode is held at this
reduction potential for a certain period or until the current drops to zero. The current can
be integrated to calculate the total charge (Q) applied on the system.
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The applied potential is sufficiently large to ensure the desired reaction occurs at
the electrode surface. In the CO2 reduction experiments described in this dissertation, BE
is carried out in unstirred solutions on a stationary platform. This minimizes convection
and migration of electrons, ensuring a diffusion-controlled mass transport. As the reactant
is converted into products, a concentration gradient develops at the electrode-electrolyte
interface. The concentration gradient causes the reactant to move from the bulk phase
into the interfacial region. As time progresses, the reactant concentration depletes and so
does the current response, as shown in Figure 1.5b.40, 48
As mentioned above, the current during BE can be integrated by the potentiostat
to produce the total charge, Q. Using Faraday’s law (Equation 1.6), the total number of
moles of the product can be calculated.58
𝑄 = 𝑛𝐹𝑁

(1.6)

F is the Faraday constant, n is the number of electrons transferred, and N is the
total moles of product formed during the experiment. This relationship can also be used
to calculate the “Faradaic efficiency” of the process.34 Faradaic efficiency (FE), also
known as current efficiency is used to evaluate the electrochemical system’s ability to use
electrons supplied to form products. In an ideal system, all the product yields add up to
100 %, indicating that every electron was used efficiently towards generating useful
product. This system is said to have a Faradaic balance.59 The equation for FE (f) is
shown in Equation 1.7. It is expressed as a percentage by multiplying the answer with
100 %. If all the products formed in an electrochemical system are quantified with
minimal errors, it is possible to achieve Faradaic balance.
𝑓=

𝑛𝐹𝑁
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𝑄

(1.7)

Another important measurement of catalytic efficiency of the process is turnover
number (TON) and turnover frequency (TOF). TON (Equation 1.8) is the ratio of number
of moles of product formed to the number of mole of catalyst in the solution.60 It is the
number of catalytic cycles made by the catalyst before deactivation.
𝑇𝑂𝑁 =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

(1.8)

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡

TOF61-64 is a better measure to evaluate homogeneous catalysis because it
measures the activity of catalyst in the reaction-diffusion layer (extending from the
electrode surface until the diffusion layer boundary) at the electrode and not the bulk
solution.65 TOF is defined as the moles of product formed per unit time per unit mole of
catalyst. An accurate way to calculate TOF is using the Savéant60 method using the data
produced from cyclic voltammetry studies. The following Equations (1.9, 1.10, 1.11) can
be used to calculate TOF of a stable catalyst reducing CO2 homogeneously. In the
following equations, ip is the peak current on the CV in the absence of catalyst, and icat is
the peak current in presence of the catalyst. To obtain TOF, icat is divided by ip (icat / ip),
and the final formula is given by Equation 1.11.
𝑖𝑝 = 0.4463(𝐹⁄𝑅𝑇)1⁄2 𝑛𝑝 3⁄2 𝐴𝐷𝑐 [𝐶𝑝 ]𝑣1⁄2

(1.9)

𝑖𝑐𝑎𝑡 = 𝑛𝑐𝑎𝑡 𝐹𝐴[𝐶𝑐𝑎𝑡 ](𝐷𝑐 𝑘𝑐𝑎𝑡 [𝑆]𝑦 )1⁄2

(1.10)

𝑇𝑂𝐹 = 𝑘𝑐𝑎𝑡 [𝑆] =

2
3
𝐹𝑣𝑛𝑝
0.4463 2 𝑖𝑐𝑎𝑡
𝑅𝑇

(

𝑛𝑐𝑎𝑡

) (𝑖 )
𝑝

(1.11)

In these equations, F is the Faraday’s constant, R is the universal gas constant, T
is the temperature in kelvin, np is the number of electrons involved in the non-catalytic
peak current, A is the area of the electrode, Dc is the diffusion coefficient of the catalyst
before it is activated in the system, and [Cp] is the catalyst concentration in the solution
17

before addition of the substrate S (in this case, ‘S’ is CO2). [S] is the substrate
concentration, y is the order of the reaction substrates (since CO2 is the substrate, the
order is 1), and kcat is the rate constant of the catalyst.
It must be noted that by using these equations, a pseudo-first-order catalytic
process is being analyzed. Moreover, the calculations obtained will be relevant only for
the analyzed substrate in its specific conditions. Any change in the solutions and
concentrations, will necessitate recalculation. In Equation 1.11, the Dc cancels out
because addition of substrate; CO2 does not impact the diffusion coefficient of the
catalyst. Since the same electrode is used in calculating peak and catalytic currents, it is
removed in the TOF calculation as well.
1.5

Scope
The primary purpose of the study was to design a reliable protocol to evaluate

various CO2 reduction catalysts. The unique nature of each catalytic process makes
evaluation and comparison a challenging task. Nonetheless, using the various
electrochemical and analytical techniques, various inexpensive catalysts are evaluated.
Their performance is compared against an established catalyst mentioned in the literature.
Chapter 2 focuses on homogeneous catalysts and their mechanism. Chapter 3
discusses the experimental details and Chapter 4 summarizes the results.
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HOMOGENEOUS CATALYSTS FOR CO2 REDUCTION
Electrochemical reduction of CO2 using catalysts has gained traction over the
recent years due to its economic nature, controllable parameters, and recyclability of
electrolytes.1-2 However, inherent challenges in the process like catalyst instability, slow
kinetics, and high overpotential make it an inefficient process. To increase selectivity and
reduce thermodynamic energy barriers, a homogeneous catalysts are generally
employed.3-4 Thus, the research is directed at developing molecularly defined
homogeneous catalysts that can overcome these challenges.5-7 This chapter provides a
general review of various homogeneous CO2 reduction catalysts.
2.1

Metal complex catalysts
Transition metal complexes with various ligands have been used as catalysts for

CO2 reduction. All metal complexes described below have been tabulated with their
structures in Table 2.1. This section will discuss these catalysts in brief.
2.1.1

Cr-based catalysts
Group 6 metal chromium8 can act as a catalyst for CO2 reduction in the form of

Cr(CO)4(2,2ʹ- bipyridine). The Cr carbonyl bipyridyl complex (Cr-1) (2,2ʹ- bipyridine =
bpy) undergoes a one-electron reduction9 to form a stable six coordinate radical anion,
[Cr(CO)4(bpy)]˙−. A subsequent one-electron reduction generates a 5-coordinated
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species10 that can be a monomer ([Cr(CO)3(bpy)]−) or a dimer ([Cr(CO)3(bpy)]2). Tory et
al.11 studied the reduction of CO2 using Cr complex on gold, Pt, and glassy carbon
electrodes. The mechanism of reduction for this group of complexes is well-understood.
However, the onset potential to trigger the reduction is relatively high. Therefore,
optimization of catalyst, solvent and experimental conditions are required to increase
catalytic ability of these complexes.
2.1.2

Mn-based complexes
Organometallic complexes using non-noble, abundant, inexpensive metals like

Mn are a popular choice for catalysts.12 Mn(L)(CO)Br complexes (Mn-1) where L is bpy
or dmpy (dmpy = 4,4ʹ-dimethyl 2,2ʹ-bipyridine) can be an excellent CO2 reduction
catalysts in THF or MeCN with tetra-(N-butyl)ammonium perchlorate (TBAP) as the
supporting electrolyte. Both complexes undergo two one-electron reductions to form a
freely diffusing catalytically active dimer at −1.65 and −1.70 V vs NHE. BE of CO2
saturated solution of these complexes in MeCN produced CO with a TON of 13 for four
h.12
Smieja et al.13 studied modified Mn catalysts Mn(bpy-tBu)(CO)3Br and Mn(bpytBu)(CO)3(MeCN)](OTf) (Mn-2) (where bpy-tBu = 4,4′-di-(t-butyl)-2,2′-bipyridine and
OTf = triflate ion). These catalysts were able to reduce CO2 in presence of an external
Brønsted acid like H2O, methanol (MeOH), and 2,2,2-trifluoroethanol (TFE). Addition of
a Brønsted acid increased the CO production efficiency and a TOF of 340 s−1 is
calculated. High current densities of 30 mA/cm2 were observed for 5 mM catalyst
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concentration for as long as 3 h without any decrease in current. BE was performed in 0.1
M TBAH in MeCN at GCE.
In order to eliminate the dimerization observed in the previously reported Mn
complexes, Sampson et al.14 synthesized Mn complexes with bulky bipyridine ligands.
Two complexes were reported with the formulas, Mn(mesbpy)(CO)3Br (Mn-3) and
Mn(mesbpy)(CO)3(MeCN)(OTf) (Mn-4), where mesbpy = 6,6′-di(mesityl)-2,2′bipyridine. BE was performed in 0.1 M TBAPF6 in MeCN at GCE. Electrochemical
studies of these complexes show one reversible wave at −1.55 V vs Fc+/Fc unlike the two
irreversible waves previously described. The peak-to-peak separation of the two-electron
reversible wave is 39 mV and the reduction generate a catalytically active anionic species
as evidenced by IR-SEC (Infrared spectro-electrochemistry) experiments. BE
experiments with the addition of weak Brønsted acids show TOFs as high at 5000 s−1
(with TFE) that are significantly higher than the Mn complexes that undergo
dimerization. Despite high TOFs, their catalytic efficiency dropped within a few hours of
BE indicating room for improvement in development of these complexes.
Machan et al.15 substituted the axial bromide in Mn(bpy)(CO)3Br with a
psuedohalogen cyanide to yield Mn(bpy)(CO)3CN, causing the reduction waves to shift
to a more negative potential. Moreover, the first wave is quasi-reversible with peak to
peak separation of 60 mV and the second wave is irreversible at −2.54 V vs Fc+/Fc. BE
of the compound in MeCN at −2.2 V vs Fc+/Fc has a turnover number for 4 with
production of CO and a small amount of H2, indicating excellent selectivity for CO.
Tricarbonyl bipyridyl Mn-complexes are also capable of reducing CO2 to CO.
fac-Mn((MeO)2Ph)2-bpy)(CO)3(CH3CN)(OTf),16 containing four pendant methoxy
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groups, where ((MeO)2Ph)2-bpy = 6,6'-bis(2,6-dimethoxyphenyl)-2,2'-bipyridine has
been reported by Ngo et al.17 CVs of the complex show a reversible two-electron
reduction wave forming an anionic species at −1.63 V vs Fc+/Fc. BE was carried out with
the complex with and without the addition of Brønsted acids, and the maximum TOF
(1257 s−1) was obtained for phenol (pKaMeCN = 29.1).18 BE in 0.1 M TBAPF6 in MeCN at
glassy carbon disk electrode showed a small amount of H2 indicating selectivity towards
CO production.
Bromotricarbonyl managanese redox catalysts containing two acidic hydroxyl
groups near the metal center were investigated by Franco et al.19 The novel complex has
the formula fac-Mn(dhbpy)(CO)3Br (Mn-5) (dhbpy = 4-phenyl-6-(1,3-dihydroxybenzen2-yl) 2,2′-bipyridine). Due to the presence of acidic groups on the substituents, the
catalysis occurs without the addition of Brønsted acid in the solution. Electrochemical
studies were carried out in 0.1 M TBAPF6 in MeCN at GCE. CV shows 3 reduction
waves, the first two irreversible reductions are attributed to formation of a dimer and the
third reversible reduction forming a catalytically active anion [Mn(CO)3(dhbpy)]−. BE
was carried out at −1.8 V vs SCE in 1 mM catalyst solution. The TOF for CO was 1.4 s−1.
The poor TOF is attributed to less efficient degradation reactions that fail to restore
protons in the solution resulting in catalyst deactivation. Ion chromatography shows
formic acid at 22 % Faradaic yield. The formation of higher alcohols is a desired outcome
of CO2 reduction catalyst. However, more work is required to improve the catalytic
efficiency of polypyridyl Mn catalysts.
A novel Mn based catalyst was designed and synthesized by Agarwal et al.20 with
the formula Mn(6-(2-hydroxyphenol)-2,2′-bipyridine)(CO)3Br (Mn-6). The essential
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design consideration for this managanese(I)− tricarbonyl compound is the placement of
the phenolic proton in proximity to the CO2 binding site to assist in C-O bond cleavage.
CV in 0.1 M TBAP in MeCN at GCE shows a current enhancement from 0.58 mA/cm2
(Ar) to 6.3 mA/cm2 (CO2). BE of 1 mM catalyst yielded CO as the primary product and
TOF for CO of 16 s−1. Thus, a design modification yielded an increase in TOF while
reducing the overpotential for CO2 reduction by 400 mV.
Kubiak and Machan21 synthesized Mn(dacbpy)(CO)3Br (Mn-7), where dacbpy is
the hydrogen-bonding ligand (4,4′-bis(methylacetamidomethyl)-2,2′-bipyridine). The CV
of this supramolecular system under argon in 0.1 M TBAPF6 in MeCN shows two
irreversible reduction waves indicating the formation of a dimer. In a CO2 saturated
solution, the catalytic current at −2.0 V vs Fc+/Fc increases in the presence of added
phenol. A BE of 1 mM solution shows 100 % Faradaic efficiency for CO formation. A
variant bimetallic Re-Mn based complex was synthesized. It will be discussed later.
A novel ligand architecture was used to synthesize two Mn complexes by Rao et
al.22 Two planar coordinating tridentate PNP ligands were bonded to Mn to create
[Mn{κ3-[2,6-(Ph2PNMe)2NC5H3]}(CO)3]+Br− (Mn-8) and [Mn{κ2-[2,6(Ph2PNMe)2NC5H4}](CO)3 (Mn-9). The CVs of both the complexes show two reversible
reduction waves at −2.01 and −2.31 V vs Fc+/Fc, indicating a small cathodic shift. This is
attributed to the presence of less electronegative groups in the complex that favor
electron donation. Under a CO2 atmosphere, an eight-fold increase in catalytic current
was observed. BE was performed at −2.3 V vs Fc+/Fc. CO at 100 % Faradaic efficiency
was produced, indicating excellent selectivity. Effective CO2 conversion was achieved in
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5 % H2O/CH3CN mixture. The design of Mn pincers in an on-going research aimed to
achieve higher CO2 conversion efficiency.
Manganese(I) N-heterocyclic carbene complexes: Mn(N-ethyl-N′-2pyridylimidazol-2-ylidine)(CO)3X (X = Br−, NCS−, CN−) (Mn-10) and Mn(N-ethyl-N′-2pyridylbenzimidazol-2-ylidine)(CO)3CN were studied by Agarwal et al.23 All four
complexes show two reduction waves on their CV, indicating the formation of a
catalytically active dimer. The highest TOF was found for the Br substituted carbene
(0.86 s−1), and the Faradaic efficiency for CO was 66.8 % for 4 h of BE. The other
compounds showed lower Faradaic efficiencies and lower TOFs due to poor dissociation
of the pseudohalogen groups.
Spall et al.24 introduced 2-(phenylimino)pyridine (IP = phenylimino pyridine)
ligands on manganese tricarbonyl bromide compounds to form Mn(CO)3(IP)Br (Mn-11)
complexes. Five asymmetric ligand compositions were added to the Mn metal center, and
their electrochemical behavior studied to prove the tunable nature of a catalyst with
respect to its ligands. The complexes showed varied behavior under argon atmosphere
but showed an increase in catalytic current at −2.2 V vs Fc+/Fc under CO2 atmosphere.
The BE results show that the least sterically hindered complex was slightly more efficient
than the MnBr(CO)3bpy complex. This new family of catalysts offers a new platform for
designing catalysts to optimize efficiency.
2.1.3

Fe-based catalysts
Electrochemically generated iron(0) porphyrins are shown to reduce CO2 to CO

homogeneously.25 However, the electrode potential required to undergo the reduction is
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more negative than the standard potential of the reaction. The CV of iron(0) porphyrin
shows a huge catalytic current after the iron(I)−/iron(“0”)−2 wave becomes irreversible in
the presence of CO2. The potential region corresponding to the current increase
corresponds to the reduction of [Iron(I)(TPP)(CO)]− complex (Fe-1).26 The reduction was
observed in DMF solvent and proceeded through hydrocarboxylation reaction, which led
to the destruction of the catalyst. Iron(0)tetraphenyl porphyrin(TPP) and amide
substituted iron(0) porphyrins were evaluated by Hammouche et al.27 A highly structured
Fe-TPP substituted with amide groups has shown to form a reversible iron(0) complex
when evaluated using spectro-electrochemistry. Removal of an amide group lowered the
reversibility of the reaction under similar conditions (DMF solvent and 0.1 M NEt4O4
supporting electrolyte). Additionally, they assessed the role of addition of Mg2+ cations in
improving catalytic stability. The Mg2+ cation works synergistically with Fe(0)TPP to
reduce CO2 showing a remarkable increase in CO production. This provides a unique
perspective of the operation of a bimetallic catalyst where the reduction starts at an
electron-rich center and is assisted by an electron-deficient cation. Bhugun28 and his
group further elaborated on addition of Lewis acid cations like Mg2+, Ca2+, Ba2+, Li+, and
Na+ in Fe-TPP systems to enhance CO productivity and increase the lifetime of the
catalyst.
The catalytic activity of Fe-TPP can be improved by adding Brønsted acids like
water, trifluoroethanol, phenol, and acetic acid.29 The role of water was not exclusively
examined but it was considered to have an impact on catalysis as a non-negligible amount
is present in all Brønsted acids. Bulk electrolysis was carried out at mercury pool
electrode with 0.1 M TBAPF6 in DMF with varying concentrations (0.1 M - 1 M) of
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CF3CH2OH, PhOH, and AcOH. CO was the main product formed with CF3CH2OH and
PhOH giving highest FEs (100 % for 1 M CF3CH2OH and 91 % for 0.1 M PhOH). Acetic
acid and the complex undergo hydrogenation resulting in deactivation of the catalyst.
Foot-of-wave analysis was applied systematically to uncover a complex CPETBC
(concerted proton-electron transfer bond breaking) reaction pathway. In CPETBC
mechanism, the electron transfer from Fe center occurs simultaneously with proton
transfer from the Brønsted acid and C-O bond breakage.
Addition of ionic liquids to the FeTPP complex has been known to increase the
catalytic efficiency of CO2 reduction process.30 Imidazolium based ionic liquid, 1-butyl
3-methyl imidazolium tetrafluoroborate (BMIM(BF4)) was added to DMF in 0.1 M
TBAPF6. In presence of CO2, the potential of reduction of Fe+ to Fe0 was shifted
positively without any significant increase in current. This suggests that the added IL
functions as a co-catalyst and not as a proton source. When a proton source like TFE was
added to IL and FeTPP, a dramatic increase in cathodic current at low overpotential was
achieved. The FEs for CO was 93 % for TFE+IL mixture with high current density and
product selectivity.
The substitution of electron withdrawing or electron-donating groups on phenyl
rings of the FeTPP molecule was illustrated by Azcarate et al.31 The phenyl rings on TPP
molecule were replaced with highly electronegative perfluorinated phenyl rings or with
electropositive ortho, orthoʹ methoxy phenyl rings. CVs were obtained at glassy carbon
electrode in 0.1 M TBAPF6 in DMF and the data was compared using catalytic Tafel
plots (CTP). At optimized phenol concentration, the CTP shows the presence of electron
withdrawing groups shifts the reduction potential positively and stabilizes the Fe0
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intermediate. Conversely, the presence of electron-donating ortho, orthoʹ methoxy groups
shift the catalytic potential in a negative direction. The CTPs are sensitive to changing
phenol concentrations and provide an efficient tool to dissect the substituent effects on
CO2 reduction catalysts.
A new series of π-conjugated substituents were added to FeTPP to produce
5,10,15,20-tetrakis(pyren-1-yl)porphyrin (Fe-Py) (Fe-2) (π-expanded substituent),
5,10,15,20-tetrakis((1,1′-biphenyl)-4-yl)porphyrin (Fe-PPh) (π-extended substituent) and
5,10,15,20-tetrakis(4-(pyren-1-yl)phenyl)porphyrin (Fe-PPy) (π-expanded and extended
substituent).32 Bulk electrolysis was carried out in 0.1 M TBAP in 1,2-dichlorobenzene
solution with water as the proton source. All porphyrins show specificity for CO
production and Fe-Py showed the highest FE for CO. Moreover, the π-conjugated
porphyrins performed better than the unsubstituted ones indicating that the substitution
could provide a hydrophobic space to collect CO2 molecules and thus improve reduction
efficiency.
Proton donors play a key role in enhancing FeTPP CO2 reduction efficiency.
Costentin et al.33 introduced phenolic groups in FeTPP complex at all ortho, orthoʹ
positions to form Fe(5,10,15,20 tetrakis(2ʹ,6ʹ dihydroxy phenyl))porphyrin (Fe-3). The
rationale is that the presence of acid groups attached to the catalyst would increase the
catalysis more efficiently than if the proton rich groups were added to the solution. The
catalytic currents were compared to unsubstituted and bimolecular FeTPP catalysts
(phenol and catalyst in the same solution) and the phenol substituted FeTPP showed
enhanced current in the CV. Moreover, the substituted catalyst showed no degradation
after four hours of electrolysis and the FE was 90 %.
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The FeTPP molecules discussed above are insoluble in water. Costentin et al.34
replaced the four paraphenyl hydrogens of FeTPP with trimethylammonio groups (Fe-4)
generating a water soluble complex. Bulk electrolysis was performed in 0.1 M KCl on
glassy carbon electrode and the results were compared to other catalysts in non-aqueous
solvents. The water-soluble Fe porphyrin showed highest catalytic activity according to
the CTP comparison. Moreover, BE produced CO selectively and suppressed the H2
production. The pH of the test solution could be altered to change the ratio of CO/H2
production. Although the mechanism of the process is yet to be studied, this is a notable
development in synthesizing water-soluble catalysts.
Another water soluble catalyst has been synthesized by introducing a
trimethylanilinium group at the para position of the phenyl rings of FeTPP complex.35
The new catalyst is called iron tetra(p-N,N,N-trimethylanilinium)porphyrin (Fe-p-TMA)
(Fe-5). The CTPs were compared to study the effect of negatively charged substituents
and neutral porphyrins on the catalyst. The performance of Fe-p-TMA was exceptional
with TOFs of 106 s−1 and selectivity for CO at 100 %. The efficiency of the new catalyst
was further corroborated by synthesizing another catalyst with negative substituents and
comparing their effects. The formula for the new catalyst is iron(III) 5,10,15,20tetrakis(4-sulfonatophenyl)porphyrin or Fe-p-PSULF. The increased catalytic activity of
Fe-p-TMA is due to the enhanced coulombic interactions between the positive
substituents and F-CO2 adduct. This effect is reversed when negatively charged
substituents are introduced confirming the catalytic enhancement by Fe-p-TMA.
In order to understand the catalytic activity with respect to the position of the
substituents, Ambre et al.36 introduced an ester at ortho, meta, and para positions of
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Fe(5,10,15,20-tetrakis(4-methoxycarbonylphenyl)-21H,23H-porphyrin (pE)) (Fe-6). The
compounds will be referenced as Fe-oE , Fe-pE and Fe-mE to denote ortho, para, and
meta positions, respectively. Bulk electrolysis results were compared using CTPs with
the unsubstituted Fe-TPP and the results show that Fe-oE performed better than Fe-TPP
and Fe-pE at high over potentials and Fe-mE performed well at low overpotentials. The
results demonstrate how simple modifications can affect catalytic activity.
Another class of Fe based catalysts is Knölker-type cyclopentadienone iron (0)
complexes (Fe-7) synthesized by Rosas-Hernandez et al.37 A Knölker complex consists
of a hydroxy cyclopentadienyl ligand bound to Fe(CO)2H center.38 These molecularly
defined catalysts exemplify the synergistic effects of ligand-metal center cooperation. BE
was carried out in 0.2 M TBAP in dry MeCN at glassy carbon plate or disk electrode. In
absence of Brønsted acids, the catalyst selectively converted CO2 to CO with 96 % FE.
Water was formed as a byproduct but there was no H2. The mechanism revealed that the
reduced complex functions as a proton source assisting the formation of the complex-CO2
intermediate followed by C-O bond cleavage.
Tetranuclear iron-carbonyl hydride complexes like Et4N[Fe4N(CO)12] (Fe-8) are
capable of producing formate (HCOO−) at low overpotential in presence of water.39 At
pH = 7, the catalyst had 95 % FE for formate on glassy carbon electrode. Moreover, it
was stable for over 24 h with a current density of 4 mA/cm2. However, a considerable
amount of current is utilized for HER at GCE. In order to promote CO2 reduction and
suppress HER, Rail and Berben40 evaluated the mechanistic aspects of adding weak and
strong acids to the test solution. BE results of solutions containing strong acids like tosic
acid (p-toluenesulfonic acid) showed only H2 while those with weaker acids like benzoic
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acid showed formic acid as the major product. Understanding the effect of acids and pH
can help direct the reaction selectively, thereby improving overall catalytic performance.
Another way to optimize catalysts is to observe the effect of proton relays on
selectivity for CO2 reduction.41 The performance of a phosphine-substituted cluster
[Na(diglyme)2][Fe4N(CO)11(PPh3)] (shortly, Na-1) (Fe-9) was tested against a catalyst
with a proton relay namely, [Na(diglyme)2][Fe4N(CO)11(Ph2P(CH2)2OH)] (Na-2). In
presence of proton relay Na-2, HER prevailed and no detectable amount of CO2 reduction
products were seen. In absence of the relay, the FE for formate was 61 % and for H2 was
36 %. The results conclusively proved that the presence of a proton relay in the outer
coordination sphere of a catalyst could potentially render a catalyst useless for CO2
reduction.
Pun et al.42 synthesized Fe complexes of 2,9- bis(2-hydroxyphenyl)-1,10phenanthroline (H2dophen) (Fe-10) and tested them as CO2 electroreduction catalysts.
The resulting complex has a formula [Fe(dophen)Cl2] and exists as a dimer in solid state
and as a monomer in solution. BE was carried out in DMF and DMSO solutions and the
results indicate production of CO, HCOO−, C2O4−, and H2 in various ratios based on the
proton source present. Formate was the major product overall, except when the proton
source was a protonated amine. The rate of CO2 reduction was increased by adding 1,1,1trifluoroethanol or methanol as the proton source.
Novel complexes containing iron tetraphenyl porphyrin dimer, o-Fe2DTPP (1,2phenylene bridge) (Fe-11) were synthesized by Mohamed et al.43 The rationale was to
mimic the metalloenzyme CODH (carbon monoxide dehydrogenase), a Ni-Fe dinuclear
complex that selectively and efficiently reduces CO2 to CO. The activity of o-Fe2DTPP
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was compared to the monomer FeTPP and m-Fe2DTPP (1,3-phenylene bridge) in 0.1 M
TBAPF6 in DMF/H2O (90:10 ratio). FE for o-Fe2DTPP was highest amongst the three
catalysts, i.e. 95 % for CO and a TOF of 4300 s−1. The high efficiency was attributed to
the optimal separation distance between two metal centers in ortho complex. The ideal
distance assists in the push pull mechanism where one Fe center acts as a Lewis acid
promoting bond cleavage and the other Fe center pushed the electron pair as a Lewis base
would. Although the o-Fe2DTPP performed well, the reaction overpotential was
relatively high. Zahran et al.43 studied the effect of adding substituents on porphyrin rings
on overpotential. They noticed that the presence of electron-withdrawing groups like
perfluorophenyl in meso position of the dimer decreased overpotential (from 0.66 to 0.3
V) while the presence of electron-donating mesityl group had a reverse effect. However,
the presence of perfluorophenyl reduced the electron density on the center atom causing a
lower TOF value. Therefore, optimization of substituent groups on peripheral porphyrins
can help decrease overpotential without sacrificing TOF.
Chen et al.44 synthesized a iron(III) complex with a pentadentate N5 ligand (2,13dimethyl-3,6,9,12,18-pentaazabicyclo[12.3.1]octadeca-1(18),2,12,14,16-pentaene),
namely, Fe(L)Cl2ClO4 (Fe-12) to reduce CO2 to HCOOH in presence of a sacrificial
electron donor. BE of the catalyst in 0.1 M TBAPF6 in DMF at GCE selectively produced
formate with a FE of 75-80 %. The metal center was switched with Co and BE product
was primarily CO indicating the dependence of product selectivity on central metal atom.
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2.1.4

Co-based catalysts
Transition metal complexes containing nitrogen donor ligands are an important

class of homogeneous catalysts. Lacy et al.45 tested a cobalt(III) complex [CoN4H(Br)2]+
(Co-1) where N4H is 2,12-dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-heptadeca1(7),2,11,13,15-pentaene in 0.1 M TBAPF6 in wet MeCN (10 M water) at GCE. BE
results show an FE of 45 % for CO and 30 % for H2. Although the FEs are low, the
participation of ligand in formation of intermediates during reduction was elucidated.
Tetraazamacrocyclic complexes of Co (Co-2) were tested by Fisher and
Eisenberg46 in aqueous and mixed (MeCN/H2O) solvents. BE of Co-complex produced
CO and H2 in 1:1 ratio with 93 % FE. This study did not explore the mechanistic details
of reduction. However, the product composition and the utilization of aqueous and mixed
solvent proved that the reaction products occur from common intermediates. A stunning
feature of the Co-complex was that it was present in its original form even after 24 h of
catalysis.
(Co-TPP)Cl (Co-3) are compounds similar to Fe-TPP complexes capable of
electroreduction of CO2.16 BE was carried out in 0.1 M TBABF4 in MeCN in the
presence of 2,2,2-trifluoroethanol (CF3CH2OH) as the proton source at a vitreous carbon
electrode and an illuminated p-type silicon electrode (boron-doped p-type H-terminated
silicon). The FEs for CO were 72 % at the carbon electrode and 65 % at the p-type Si
electrode. The major difference was between the BE potential. It was −1.85 V vs SCE at
carbon electrode and −1.55 V vs SCE at Si electrode. This study provided a simple
method to reduce the reduction potential of CO2 reduction using illumination process.
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Co-pyridine macrocyclic complexes like azacalix[4](2,6)pyridines (Co-4), with
different substitutions on the pendant amines (L1=H, L2=Me, L3=allyl) were synthesized
by Chapovetskey et al.47 CV of the complex with L1 substitution in 0.1M TBAPF6 in
DMF under N2 atmosphere showed a reversible peak at −1.59 V and −2.26 V vs Fc+/Fc.
To confirm that these peaks represent the redox processes of Co and not the ligand, a zinc
analogue, [Zn(L)(BF4)]2 (where L=H) was prepared and tested. No peaks were observed
with the Zn complex, attributing the resulting peaks to Co-complex. BE was carried out
for all the complexes to understand the impact of pendant substitutions on catalysis. CoL1 had the highest FE for CO of 98 %. Co-L2 showed CO production as well with a FE
of 23 % and Co-L3 had > 1 % FE. The presence of allyl group on Co-L3 could increase
the chances of isomerization of the double bond due to formation of allyl radicals. This
was attributed to its poor electrochemical performance. Moreover, addition of alcohol in
the electrolytic solution of Co-L2 increased CO production. None of the complexes
produced H2 showing high selectivity for CO. This study concluded that Co macrocyclic
complex with pendant NH groups perform the best when compared with methyl or allyl
substitutions.
The pentadentate N5 (2,13-dimethyl-3,6,9,12,18 -pentaazabicyclo [12.3.1]
octadeca-1(18),2,12,14,16-pentaene), ligand of Fe complex was discussed in the previous
section. Chen et al.44 switched the metal center to Co (Co-5) and performed CO2
reduction in presence of a photosensitizer and a sacrificial electron donor. BE was
performed at GCE in 0.1 M TBAPF6 in DMF in presence of light (photocatalysis) and
triethylamine (TEA) as the electron donor. Gas chromatography results of BE products
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showed excellent FE of 97 % for CO and trace H2. The Co complex underwent
photocatalysis efficiently with high selectivity for CO.
Polypyridine ligands like bipyridine(bpy) and terpyridine(tpy) are stable and can
assist CO2 reduction in organic solvents.5 [Co(tpy)2]2+ complexes (Co-6) were prepared
by Elgrishi et al.48 and their electrochemical properties were tested in 0.1 M TBAP in
DMF with 5 % water as the proton source. BE results show the production of CO and H2
with FEs between 16 to 21 %. To increase FE values, BE was performed in a different
solvent and at different potentials. None of the modifications improved Faradaic yield
suggesting the involvement of pyridine in various side reactions or decomposition of the
polypyridyl group, which lowers the current efficiency of the overall process. This study
gave a perspective on the impact of ligands on CO2 reduction.
Although [Co(tpy)2]2+ had low FE, it showed promise and could be finetuned to
improve CO production. Elgrishi, Chambers, and Fontcave,49 performed electrochemical
studies of Co(tpy) and Co(tpyY2X) systems where X = C6H5Cl/C6H5CH3/H/OCH3/C4H9
and Y = H/C4H9 (X and Y are substituents). The number of coulombs passed over time
was fixed for all the complexes and the resultant FEs were reported. The major products
are CO and H2 and the substituents electron donating/withdrawing nature determines
which reaction is favored. When electron donating groups are attached as substituents,
the electron density on the metal atom increases resulting in enhanced production of H2.
Presence of electron withdrawing groups decreases the rate of proton reduction and
favors CO production. The steric hindrance of the substituents attached to tpy ligand need
further evaluation to determine their impact on product selectivity.
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A new family of Co reduction catalysts with the formula CpCo(PR2NR′2)I (Co-7)
were synthesized by Roy et al.50 PR2NR′2 represents the 1,5-diaza-3,7diphosphacyclooctane ligands with R and R′ being phenyl (Ph), benzyl (Bn), or
cyclohexyl (Cy) groups. Four different Co complexes were synthesized using four
different ligands namely PCy2NBn251, PCy2NPh252, PPh2NBn253, and PPh2NPh252. These
catalysts were designed to mimic the proton relay mechanism and mono/multi metallic
metal active sites present in enzymes like CO2 dehydrogenase (CODH).54 BE
experiments were carried out for all catalysts at mercury pool electrode in 0.1M TBABF4
in DMF/H2O solvent. The FEs for all complexes was above 90 % for formate production.
Less than 1 % CO and H2 were present indicating high specificity of these complexes for
CO2 reduction. Mechanistic studies show that the presence of pendant amines on the
ligand helps stabilize the intermediates by hydrogen bonding with water molecules.
Among the 4 Co complexes, the complex with the most basic amine PCy2NBn2 had the
highest TON (> 1000 s−1). The role of pendant amines favoring CO2 reduction was
proved in the study and it provided a method to engineer catalysts at molecular level.
Hossain et al.55 reported Co complexes with the formula Co(Pph3)2(L)X where L
= 2-methyl-8-hydroxyquinoline (2-m-8-Hq), 2-quinoxalinol(2-Qui.), 1hydroxyisoquinoline (1-Hiq), 3-hydroxyisoquinoline (3-Hiq), 4,4ʹ -Dimethyl-2,2ʹbipyridine (4,4ʹ-dim-2,2ʹ-Bipy) and 4-methyl-l,10 phenanthroline (4-m-1, 10-Phen) and
X=Cl, Br, or ClO4− can be good catalysts for CO2 reduction. BE was performed in 0.1 M
TEAP in MeCN/H2O (8 % by volume) mixture at GCE. The major products were CO and
formate and their concentrations were defined by the donor property of the coordinated
ligand. The production of CO was favored in presence of an electron donating ligand.
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Moreover, the presence of H2O increased formate production. The catalyst was stable for
many cycles. This study introduced a new class of Co catalysts and explained the effects
of substituted ligands and electrolyte solution on product selectivity.
2.1.5

Ni-based catalysts
Ni-based homogeneous catalysts are becoming extremely popular due to their

high electrocatalytic ability. Tetraazamacrocyclic complexes of Co were discussed in the
previous section. Fisher et al.46 switched the metal center from Co to Ni (Ni-1) and
observed the electrocatalytic activity. BE was carried out in MeCN/H2O (1:2 v/v) mixture
in 0.1 M LiClO4 with CO as the major product at 98 % Faradaic efficiency. In absence of
water, stoichiometric reduction of Ni complex was observed. This provides conclusive
proof of the importance of a protic source for CO2 reduction reaction. After 24 h of BE,
the complex was isolated in its native form confirming it to be a highly stable catalyst.
[Ni(cyclam)]2+ (cyclam = 1,4,8,11-tetraazatetradecane) (Ni-2) was reported as
CO2 reduction catalyst with high efficiency and selectivity by Bradley et al.56 BE in
aqueous solution with 0.1 M KClO4 as supporting electrolyte selectively produced CO as
the major product and showed affinity for CO2 reduction over HER.57-58 The mechanism
of electrocatalysis was found to be the adsorption of molecular species on the cathode
surface.57 Moreover, the Ni catalyst was highly stable and did not deactivate after one
thousand catalytic cycles. [Ni(cyclam)]2+ has been recently shown to selectively form CO
at GCE in a mixed solvent (MeCN /H2O) system.59
Bimetallic Ni2(biscylam)4+ (Ni-3) was synthesized by Collin et al.60 and its
electrocatalytic abilities compared with [Ni(cyclam)]2+. Biscyclam ligand comprises of
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6,6ʹ-Bi-1,4,8,11-tetraazacyclotetradecane coordinated with a dinickel metal center
(Ni24+). In aqueous systems, the CO produced by the monometallic [Ni(cyclam)]2+ was
three times greater than the biscyclam species. Moreover, the biscyclam complex
produced small amount of H2 indicating competition between HER and CO2 reduction.
The lower performance is attributed to an adsorption mechanism discussed previously.
The adsorbed Ni2+ ion on the electrode surface is responsible for the electroreduction of
CO2. In case of Ni24+ biscyclam, the larger surface area of the bimetallic species
effectively lowers the superficial density of the active sites (it is assumed that the
adsorption of the metal ligand plane covers the electrode surface completely). In DMF
solvent, both complexes produced formate as the major product with 75 % FE. The
electrocatalytic efficiency for Ni24+ was larger for HER than CO2 reduction in pure H2O
in comparison to cyclam.
[Ni(cyclam)]2+ (substituted (Ni-5) and unsubstituted)was tested by Froehlich and
Kubiak in MeCN/H2O solvent59 at GCE. Unsubstituted Ni(cyclam) formed CO with 90
% FE and no detectable amounts of H2 at −1.21 V vs NHE. When the potential was made
more negative, −1.61 V vs NHE, small amounts of H2 were detected. The FE for CO at
more negative potentials also decreased to 60 %. Although [Ni(cyclam)]2+ has shown
higher efficiencies at mercury electrodes,61 this study provided a more environmentally
benign solution for CO2 reduction using GCE.
The utilization of ionic liquids as electrolytes for Ni(cyclam)Cl2 was studied by
Honores et al.62 1-butyl-3-methylimidazolium tetrafluoroborate (BMImBF4) was used
and as a solvent and BE of Ni(cyclam)Cl2 was performed at −1.4 V vs Ag/AgCl reference
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and glassy carbon working electrodes. The main reduction product was CO and the TOF
for the system was 0.73 h−1 indicating high efficiency.
Kimura et al.63 synthesized a new cyclam with a pendant amine with the formula
6-amino-1,4,8,11-tetraazacyclotetradecane. The catalytic efficiencies of new Ni(II)
amino-pendant cyclam (Ni-5) were compared to [Ni(cyclam)]2+. BE was carried out in
aqueous solutions in 0.1 M KNO3 at mercury electrode. The CO yield of amino-pendant
complex was higher than the [Ni(cyclam)]2+. Moreover, the ratio of H2 with respect to
CO was twice as much for amino-pendant complex as it was for [Ni(cyclam)]2+. The
interactions between the NH3+ group with Ni+ moiety is a possible reason for greater
amount of H2 production. The increase in CO yield can also be explained by the positive
effect of the interactions between electron withdrawing NH3+ group with the substrate.
Thus, the increased efficiency of [Ni(cyclam)]2+ by adding an amino group has been
successfully reported.
Another substitution of [Ni(cyclam)]2+ was studied by Neri et al.64 [Ni(cyclamCO2H)]2+ (cyclam-CO2H = 1,4,8,11-tetraazacyclotetradecane-6-carboxylic acid) (Ni-6)
was synthesized by adding a carboxylic acid group on the carbon backbone.65 At low pH
(=2), the BE results for the first hour of electrolysis of [Ni(cyclam-CO2H)]2+ show high
selectivity for CO production vs HER (4:1 product ratio for CO:H2) while [Ni(cyclam)]2+
shows the product ratio of 0.2:1 for CO: H2. Upon investigation, it was found that at
lower pH, the protonated carboxylic acid groups are available for CO2 reduction thereby
enhancing the electrocatalytic activity. Unlike [Ni(cyclam)]2+, the carboxylated derivative
maintains CO2 reduction activity at wide pH range. The carboxylated cyclam is a
promising CO2 reduction catalyst in acidic systems.
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Few examples of binuclear metal complexes of polyazamacrocycles were
reported by de Alwis et al.66 The group tested two series of Nickel(II) complexes, the first
with the formula [Ni2L2–5]4+ with polymethylene (CH2)n bridge and the second with the
formula [Ni2L6]4+ with a p-xylylene bridge (Ni-7).67 The binuclear complexes were
compared against the performance of [NiL1]2+ with an n-propyl substitution at the noncoordinating nitrogen. The catalytic reduction of CO2 was observed at mercury-coated
silver electrode in acetonitrile with 10 % v/v H2O and 0.2 M TBAH as the supporting
electrolyte. The binuclear complexes show half the amount of current when compared to
the mononuclear complexes. BE results of [Ni2L4]4+ show a mixture of CO and H2.
Although, after 10 % electrolysis was complete, the increase in current corresponded to
HER. [Ni2L7]4+ produced higher catalytic current in CO2 atmosphere when compared
with the mononuclear complex. However, the CO2 reduction activity was very little.
[Ni2L9-11]4+ shows catalytic currents comparable to its mononuclear analogue. The
similarity in current values of binuclear and mononuclear complexes is due to their weak
interactions with the electrode surface arising from stereochemical constraints. This study
provides a rudimentary comparison of mono and bi-nuclear catalysts and requires further
research to optimize their performance.
To understand the adsorption mechanism of [Ni(cyclam)]2+ catalyst on mercury
electrode, Fujita et al.68 prepared three new complexes and compared their CO2 reduction
activity with [Ni(cyclam)]2+. The three complexes were RRSS-, and RSSRNiHTIM(ClO4)2 (HTIM = 2,3,9,10-tetramethyl-l,4,8,11-tetraazacyclotetradecane) (Ni-8),
and NiDMC(ClO4)2 (DMC = C-meso 5,12-dimethyl-l,4,8,11-tetraazacyclotetradecane).
CV results show higher currents for RRSS-[Ni(HTIM)]2+ and [Ni(DMC)]2+ than
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[Ni(cyclam)]2+. This can be explained by high isomeric purity of RRSS-[Ni(HTIM)]2+
resulting in more stable adsorption on electrode surface. The axial methyl group in
RSSR-[Ni(HTIM)]2+ sterically hinders adsorption on the electrode surface, thereby
reducing the catalytic current. Further studies are required to understand the mechanism.
Nonetheless, the effect of catalysts’ structure on adsorption and catalysis were
demonstrated.
The race to design more efficient catalyst than [Ni(cyclam)]2+ has been a seminal
research interest. Schneider et al.69 synthesized derivatives of [Ni(cyclam)]2+ namely
[Ni(MTC)]2+ (MTC = 2,3-trans-cyclohexano1,4,8,11-tetraazacyclotetradecane) (Ni-9),
[Ni(MCC)]2+ (MCC = 2,3-ciscyclohexano-1,4,8,11-tetraazacyclotetradecane), and
[Ni(TM)]2+(TM = 2,3-tetramethyl-1,4,8,11-tetraazacyclotetradecane). They compared the
performance of new catalysts against [Ni(HTIM)]2+, and [Ni(cyclam)]2+ to assess their
efficiency. BE was carried out in 0.1 M NaClO4 at SDME (static mercury dropping
electrode) at pH = 5. CO was the only product produced at this pH for all the catalysts
except cyclam and [Ni(TM)]2+. Moreover, [Ni(MCC)]2+ had the highest FE of 92 % and
cyclam was the lowest with 84 %. Ni(TM) did not undergo CO2 reduction at this pH, and
[Ni(HTIM)]2+, and [Ni(MTC)]2+ had similar FEs (88 %). To study the influence of pH
on product selectivity, the pH was reduced to 2 and BE was repeated. At low pH, there
was an increase in HER and decrease in CO production. Moreover, [Ni(TM)]2+ showed
catalytic reduction with FE for CO at 79 %. The remaining catalysts ranged between 8088 % FE for CO. This study stresses the importance of exploring macrocyclic variants of
Ni-cyclam based catalysts to improve the efficiency and selectivity of CO2 reduction.
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Scibioh et al.70 synthesized71 a nickel (II) complex with 1,3,6,9,11,14hexaazatricyclo[12·2·1·1] ligand (Ni-10) and analyzed its performance in aqueous and
non-aqueous solvents. BE was performed in 0.1 M LiClO4 in water, 20:80 H2O: MeCN
mixture and 10:90 DMF:H2O mixture at HMDE (hanging mercury drop electrode). In
pure water, the complex yielded CO and H2 at 1:2 ratio with 72 % current efficiency. In
presence of MeCN /H2O mixture, the current efficiency was 79 % and the ratio of CO:H2
was 1:2.09. In DMF/H2O mixture, the current efficiency dropped to 75 % and the ratio of
CO:H2 was 1:2.08. There was no CO2 reduction activity in DMF or MeCN in absence of
water. This observation successfully corroborated the need of a proton source to assist
CO2 reduction.
Metal chelate complexes of Ni coordinated with [N42-] with the general formula
Ni-X(R1/R2)-Y (Ni-11) where R1 and R2 denote substituents like H/ CH3/ COOC2H5/
C6H5/ COCH3/ COOCH3 and X and Y denote (CH2)n bridges where n = 2 or 3 were
reported by Rudolph et al.72 The catalysts without COOC2H5 or COCH3 deactivated
quickly during BE. The remaining catalysts produced oxalate as the main product during
BE in 0.1 M TBAPF6 in MeCN at GCE. BE results show Ni(Etn)(Me/COOEt)(Et) to be
the best catalyst with 98 FE for oxalate and less than 1 % FE for CO. The presence of
electron withdrawing groups at R2 position deteriorated the catalytic activity. This study
pioneered CO2 reduction catalyst design geared towards high product selectivity.
A hemicyclic square planar nickel(II) complex with sterically less hindered ligand
(L) N,N′-ethylenebis(acetylacetoniminato) was reported by Udugala-Ganehenege et al.73
The electrochemical activity of the nickel(II)L complex (Ni-12) was evaluated in
different organic and ionic solvents. The highest catalytic current was observed in DMF
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and in BmIMBF4 at GCE. Moreover, the reduction of CO2 did not require addition of
water as a protic source indicating that Ni(L) complex is a better choice in non-aqueous
solvents. BE results confirmed oxalate as the major reduction product. Further studies are
being done to improve the stability and efficiency of this catalyst.
Sheng et al.74 used a tridentate pyridyl biscarbene pincer type ligand with Ni to
form (CNC)Ni(NCCH3)(OTf)2 (Ni-13) and evaluated its potential as an electroreduction
catalyst for CO2. The rationale was that the tridentate pincer ligand could achieve a
pseudo planar geometry like that of [Ni(cyclam)]2+ if the fourth site is occupied by a
labile solvent molecule. The advantage of this strategy was to provide an easy access for
Ni to interact with the CO2 molecule, and to increase the interactions between Ni and
CO2 through the bonded solvent present in the complex. BE was carried out in MeCN in
presence of 0.4 mM water and CO was the major product indicating high selectivity. The
pincer type ligand-based catalysts are easy to synthesize and can be optimized further to
produce efficient CO2 reduction catalysts.
Another pincer complex was synthesized by Cope et al.75 by replacing the pyridyl
group in CNC-Ni with a strong electron donor groups. These new CCC-NHC nickel
complexes (Ni-14) was expected to enhance CO2 reduction efficiency. BE was performed
in 0.1 M TBAPF6 in MeCN with 2 M H2O at GCE. 2-(1,3-bis(N-butyl-imidazol-2′ylidene)phenylene)nickel(II)chloride complex showed highest rate for CO2 reduction
yielding FEs of 34 % for CO and 47 % for formate. There was no H2 present in the
headspace indicating high selectivity for CO and formate.
To mimic the multielectron redox process of polynuclear metalloenzymes, Lee et
al.76 synthesized trinuclear macrocyclic Ni3(L)(ClO4)6 complex (Ni-15) where L is
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8,8′,8ʹʹ‐(2,2′,2ʹʹ‐nitrilotriethyl)tris(1,3,6,8,10,13,15‐heptaazatricyclo[11.3.1.1]octadecane).
BE was done at mercury pool electrode in MeCN/H2O (9:1 v/v) solvent. The only
product seen was CO with 96.2 % FE. The FE for [Ni(cyclam)]2+ complex under similar
conditions was 98.7 % suggesting more optimization is required to improve the catalytic
efficiency of the trinuclear macrocycle.
Dinuclear nickel complexes Ni2(μ-dppa)2(μ-CNR)(CNR)2 (Ni-16) where R = Me,
n-Bu, xylyl and dppa = bis(diphenylphosphine)amine were synthesized by Simón-Manso
et al.77 BE was carried out in 0.1 M TBAPF6 in MeCN solution at Pt electrode. The FE
was not calculated but the presence of CO, CO3−, and formate was confirmed as the
products. Additionally, IR-SEC (infrared spectro-electrochemistry) revealed the
formation of a carbonyl containing species with Ni causing catalyst deactivation. More
work is required to optimize the catalytic efficiency.
Ratliff et al.78 reported a triangular trinuclear Ni cluster complex with
bis(diphenylphosphine)methane (dppm) bridges as a catalyst for CO2 reduction. [Ni3(µ3CNMe)(µ3-I)(dppm)3][PF6]. Bulk electrolysis of the complex in MeCN with TBAP as the
supporting electrolyte produced CO and CO32−. Further studies were carried out with
these π-acceptor capped cluster complexes by Wittrig et al.79 They synthesized 7
complexes with the general formula Ni3(µ2-dppm)3(µ3-L)( µ3-I)PF6 (Ni-17) where
L=CNR, R=CH3 for complex (#1), i-C3H7 (#2), C6H11 (#3), CH2C6H5 (#4), t-C4H9 (#5).
2,6-Me2C6H3 (#6) and CO (#7). IR SEC shows CO and CO32− as the major reduction
products. Complexes 1, 2 and 3 were the more efficient catalytically with 7 being the
least efficient. More work is required to understand the mechanism of these complexes.
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Nickel terpyridine systems with the formula [Ni(tpy)]2+ (Ni-18) were reported by
Elgrishi et al.48 to be efficient CO2 reduction catalysts. BE was performed in 0.1 M
TBABF4 in DMF with 5 % H2O at mercury pool electrode. The major product was CO
with no detectable H2. This study provided a confirmation of catalytic activity of
homoleptic terpyridine complexes of Ni. It attributed the catalytic behavior of the
complex to Ni2+ oxidation state. Ni-catalysts offer an efficient mechanism for CO2
reduction at accessible potentials.
2.1.6

Cu-based catalysts
The importance of CO2 reduction has encouraged researchers to explore various

elements for their electrocatalytic activity. Haines et al.80 reported two novel copper
catalysts for CO2 reduction namely Cu2(µ-PPh2bipy)2(MeCN)2(PF6)2 (Cu-1) and Cu2(µPPh2bipy)2(py)2(PF6)2 where PPh2bipy = 6-(diphenylophosphino)2,2ʹ-bipyridyl and py =
pyridine. BE was carried out in 0.1 M TBAP in MeCN at Pt gauze working electrode.
The only reduction product was CO for both the complexes. CO32− was also seen because
of reductive disproportionation reaction. The new catalyst was air stable showing very
little degradation in presence of air. More studies are being conducted to produce Cu
based catalysts that could be immobilized on the electrode surface to overcome the mass
transfer limitations and improve their performance.
Dinuclear and tetranuclear Cu complexes with ligand N-(2-mercaptopropyl)-N,Nbis(2-pyridylmethyl)amine (represented as L) (Cu-2) were synthesized with the formulas
Cu(L-L)(μ-oxalato-k4O1,O2:O3,O4)(BF4)4 and Cu2(L-L)(μ-oxalatok4O1,O2:O3,O4)2(BF4)4. The ligand design was inspired by biologically occurring enzyme
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superoxide dismutase. Bulk electrolysis was carried out in 0.1 M LiCLO4 in MeCN at
GCE. Oxalate was the only reduction product and the reduction potential required for the
conversion was readily accessible. More work is required to tune the efficiency of Cu
coordination complex by altering ligand structure and/or changing substituents.
2.1.7

Mo-based catalysts
Group 6 metal complexes have received much less attention as homogeneous

catalysts when compared with group 7, 8, or 9 metals.81 Nonetheless, Mo-carbonyls with
the formula Mo(CO)4(bpy) (bpy = 2,2ʹ bipyridine) (Mo-1) are capable of reducing CO2 in
organic solvents like N-methyl-2-pyrrolidine and THF.11 Mo is an economical alternative
to group 7 elements. Moreover, it undergoes a series of single electron reductions to give
a five coordinate [Mo(CO)3(bpy)]2− intermediate. This intermediate is the active form of
the catalyst. BE was performed in 0.1 M TBABF4 in NMP at gold disk electrode.
Although the BE result showed high selectivity for CO, the potential required to trigger
the reduction was very high in NMP. Therefore, optimization of solvent, electrode and
the catalyst are required to improve catalytic activity. These catalysts are being evaluated
as photocatalysts for CO2 reduction.
Tory et al.82 studied the Mo complex consisting of a chelating bidentate ligand (αdiimine) and an anionic monodentate ligand (NCS) with the formula Mo(CO)2(η3-allyl)
(α-diimine)(NCS) (Mo-2) where α-diimine is bis(2,6 dimethylphenyl)acenaphthenequinone diimine (2,6-xylyl-BIAN) and bpy = 2, 2ʹ-bipyridine. IR-SEC
studies in 0.2 M TBABF4 in THF at gold electrode show strong absorbance bands
corresponding to the production of CO, CO32−, and formate. This is the first example that
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uses a Mo-complex with a chelating ligand for CO2 electroreduction. More work is being
done to assess its efficiency as a catalyst for CO2 reduction.
Recent studies have reported the increase in CO2 reduction efficiency in presence
of bpy-tBu (4,4ʹ-di-tert-butyl-2,2ʹ-bipyridine) ligand in rhenium.83-84 The cost of Re limits
its application to large scale applications. Group 6 elements like Mo offer a cheaper
alternative. Clark et al.85 synthesized two complexes with the general formula Mo(bpyR)(CO)4 (Mo-3) where R is H in complex#1 and tBu in complex #2. BE of the complexes
was carried out in 0.1 M TBAPF6 in MeCN at GCE. The catalysts produced CO
exclusively with FE of 109 ± 7 %. It should be noted that the FE value represents the
uncorrected amount of CO, so it includes the CO from the loss of carbonyl ligand upon
reduction.
Molybdenum hexacarbonyl complexes (Mo-4) without non-innocent ligands were
analyzed by Grice et al.86 BE was done in 0.1 M TBAPF6 in MeCN with and without
water. In MeCN solution without water, the products of BE were CO with a FE of 83-95
% and small amount of carbonate. In presence of water (0.98 M), H2 was observed with
47 % FE, formate at 7 % FE and CO at 35 % FE. This study provides proof for utilization
of commercial hexacarbonyls of group 6 elements as CO2 reduction catalysts.
Optimization of ligands can improve their catalytic efficiency and offer a new family of
air stable catalysts for scale-up purposes.
2.1.8

Ru-based catalysts
Ruthenium based catalysts have been popular for CO2 reduction.87 This section

provides an overview of all the Ru-based homogeneous catalysts reported in the
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literature. Pugh et al.88 analyzed the electrocatalytic behavior of polypyridyl Ru complex
namely, [Ru(bpy)2(CO)H]+ (bpy=2,2ʹ-bipyridine) (Ru-1) in MeCN/H2O solvent. BE was
performed in 0.1 M TBAH in MeCN with varying amounts of water. The results were
averaged and the FEs for CO, H2, and formate were 57 %, 8 % and 17 %, respectively.
Moreover, there was no change in FE upon addition of water between 3 mM to 0.4 M.
Over extended period of electrolysis, the activity of the catalyst decreased due to
accumulation of Ru(bpy)2(CO)3 species.
Another example of Ru-bipyridyl complexes with the formula [Ru(bpy)2(CO)2]2+
was reported by Ishida et al.89 They observed that the complex selectively produced
formate in presence of a protic source like Me2NH.HCl (dimethylamine hydrochloride) or
PhOH (phenol) in MeCN with 0.1 M TBAPF6. Another proof of Ru bipyridyl complex
generating formate selectively was reported in DMF solution in presence of Me2NH.HCl
in 0.1 M TBAP at mercury electrode.90 The effect of pH and solvent was further
illustrated by performing BE of [Ru(bpy)2(CO)2]2+ and [Ru(bpy)2(CO)Cl]+ in H2O: DMF
(9:1 v/v) solution (pH = 9.5).91 In alkaline conditions, the major products were CO, H2
and formate.
Another study by Ishida et al.92 explored the effect of ligand on product
generation. Ishida et al.92 observed the effect of various ligands namely 2, 2ʹ-bipyridine
(bpy), 4,4ʹ -dimethyl 2,2ʹ-bipyridine (dmbipy), and 1,10-phenanthroline (phen) in
coordination with Ru metal atom. The general formula for the catalyst is
[RuL1(L2)(CO)2]2+ where L1 and L2 are bpy in complex#1, dmbpy in 2, phen in 3 and L1
= dpy and L2 = dmbpy in 4. Their performances were evaluated against
[Ru(phen)2(CO)Cl]+. BE was carried out in MeCN: H2O (4:1 v/v) solvent in 0.1 M TBAP
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at mercury electrode. In MeCN: water solvent, no difference in the catalytic activity was
observed for all five complexes. When the solvent was changed to MeCN: MeOH (4:1
v/v), the production of CO increased in presence of dmbpy ligand. This was attributed to
the electron donating nature of methyl groups present on the dmbpy. This study reports
the effective use of ligands to design catalysts for higher efficiency.
Ru(bpy)(CO)2Cl2 has three isomers. Of these three, trans (Cl) functions as an
effective electrochemical catalyst for CO2 reduction.93-94 The synthesis of trans and cis
isomers of Ru(bpy)(CO)2Cl2 selectively was described by Chardon-Noblat et al.95 The
electrochemical reduction potential of cis and trans isomers was compared. The reduction
of both cis (Cl) and trans isomers leads to dimer formation. The dimer of trans (Cl)
undergoes a subsequent two electron reduction to form a polymeric film on the electrode
surface. The formation of this film results in CO2 reduction activity. BE in 0.1 M
TBAPF6 in MeCN at carbon felt electrode produces CO and formate. In contrast, the cis
chlorine complex (Ru-2) undergoes irreversible reduction at more negative potential,
followed by an irreversible oxidation, rendering the compound futile for further study.
Nakajima et al.96 were the first to report the formation of acetone and acetic acid
as CO2 reduction products using [Ru(bpy)2(qu)(CO)]2+ (qu = quinoline) under aprotic
conditions. BE of the complex in 0.05 M TMABF4 in MeCN/DMSO (1:1 v/v) produced
CO (42 % FE), HCOO− (7 %), CH3COCH3 (16 %), and CH3COCH2COO (6 %). The
mechanism is described to proceed by double methylation of the carbonyl groups of [RuCO]0 to form an intermediate, followed by the removal of an α-proton to form acetone.
An additional carboxylation step followed by the formation a second intermediate is
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required to form acetic acid.97 This study provides an example of using CO2 as a building
block in organic synthesis.
Mizukawa et al.98 reported Ru(bpy)2(napy)(CO)2(PF6)2 (napy = 1,8naphthyridine) complex (Ru-3) to produce acetone exclusively as the product in presence
of (CH3)4NBF4 (0.1 M) as the supporting electrolyte in DMSO solvent. Along with
acetone, small amounts of (CH3)3N and ((CH3)4N)2CO3 were present, indicating that the
supporting electrolyte also acts as a methylating agent and actively participates in product
formation. To further corroborate the involvement of (CH3)4NBF4 in the reaction, BE was
performed with LiBF4 (0.1 M) as a supporting electrolyte in DMSO. In these conditions,
the major product was CO and CO32− produced by reductive disproportionation of CO2.
Ooyama et al.99 studied Ru-polypyridyl complexes with N,N- and/or N,O- groups
to compare their electrocatalytic ability for CO2 reduction. Four complexes were
synthesized namely, [Ru(pic)(CO)2Cl2]− (#1) (Ru-4), [Ru(bpy)(pic)(CO)2]+ (2) (Ru-4),
[Ru(pic)2(CO)2] (3), and [Ru(bpy)2(CO)2]2+ (4) (pic = 2-pyridylcarboxylato, bpy = 2,2ʹbipyridine). BE was performed in 0.1 M TBAPF6 in MeCN: H2O (9:1 v/v) solvent at Pt
electrode. Complex #1 had no electrochemical activity under these conditions.
Complexes 2, 3, and 4 produced CO as the major product and the efficiency of reduction
under the given conditions was 4 > 2 > 3. It was observed that complex #2 gradually
decomposed during reduction, possibly due to the dissociation of ‘pic’ ligand. Thus, it
was concluded that Ru-pic framework was not an efficient platform for CO2 reduction.
As discussed earlier, ruthenium(II) monomer complexes form a polymeric film on
the electrode surface that is catalytically active towards CO2 reduction.100 The polymer
[Ru(bpy)(CO)2]n is air-sensitive, and therefore difficult to characterize.
55

[Ru(bpy)(CO)2(CH3CN)]2 (PF6)2 represents the simplest form of the polymer. This is one
of the intermediates during the polymer synthesis.101 BE of this intermediate in 0.1 M
TBAP in MeCN: H2O (90:10) produces CO at 99 % FE with negligible amounts of
HCOO−. These results are similar to ruthenium(II) monomers and ruthenium(0)
polymers suggesting that the new complex closely resembles their activity.100, 102 This
report was able to characterize the polymeric film to gain better understanding of
electroreduction mechanism.
Ruthenium polypyridyl complexes catalyze CO2 reduction by forming a Ru-Ru
bond that adheres to the cathode. Machan et al.103 used a mesbpy (6,6′-dimesityl-2,2′bipyridine) ligand forming trans-Cl-Ru(mesbpy)(CO)2Cl2 (Ru-5). In principle, the
bulkiness of mesbpy should inhibit metal-metal bond formation as observed in Mn
tricarbonyl complexes.14 BE was carried out in 0.1 M TBAPF6 in MeCN: 0.91 M PhOH
at GCE and the FE for CO was 95 %. Mechanistic study showed absence of Ru-Ru bond
due to steric hindrance from the mesbpy group. The catalytic behavior was attributed to a
synergistic redox response of the Ru and bpy at negative potentials.104
Haghighi et al.105 synthesized trans-Ru(dmb)2(Cl)(EtOH)(PF6) where dmb = 4,4′dimethyl-2,2′-bipyridine (Ru-6). BE was performed in 0.1 M TBAPF6 in MeCN at GCE.
The major product was CO. The catalyst precipitated as carbonate at the end of
electrolysis and could be regenerated. The mechanistic aspects of the process suggest that
both polypyridyl and dmb ligands actively assist in electron transfer resulting in forming
intermediates that reduce CO2.
The production of a viable fuel methanol by electroreduction of CO2 was
achieved by Bocarsly.106 He used a simple organic molecule pyridine and generated a six
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electron reduction product methanol. Boston et al.107 demonstrated using a pyridine
complex along with [Ru(phen)3]2+ chromophore unit to reduce CO2 in photocatalytic
fashion to produce formate and methanol. This process required ascorbic acid as a
sacrificial donor and exhibited poor selectivity for methanol production. This initial
experiment led to the development of a unimolecular catalyst incorporating both
chromophore and pyridyl subunit.107 Two ruthenium(II) complexes were synthesized
namely [Ru(phen)2(ptpbα)]2+ (or Ruα) (Ru-7)and [Ru(phen)2(ptpbβ)]2+ (or Ruβ), where
phen = 1,10-phenanthroline, ptpbα = pyrido [2′,3′:5,6]pyrazino[2,3f][1,10]phenanthroline and ptpbβ = pyrido [3′,4′:5,6]pyrazino[2,3-f][1,10]phenanthroline.
DMF is used as a solvent with 1 M H2O because the excited states quench rapidly in
water. CVs of Ruα and Ruβ under CO2 atmosphere show an increase in cathodic current
indicating reduction activity. However, BE was performed only on Ruβ complex as
dimerization was observed in Ruα. BE in 0.1 M TBAPF6 was carried out for 5 h and the
major product was methanol. No CO was observed in the 5 -hour BE sample. The
electrolysis was continued for 15 h and the product composition showed 75 % methanol
and 25 % CO. Photocatalysis showed modest CO2 reduction efficiency. The
electrocatalyst Ruβ is an excellent example of a unimolecular catalyst capable of
producing readily usable products.
Coordination programming originated in Japan in 2009. It is an approach to
design complexes with targeted physical and chemical functionality.108 To that end,
Kuramochi et al.,109 synthesized a Ru dimer with a novel flexible bridging ligand (L=
N,Nʹ-bis(5-bipyridylhexyl)-cis-1,4-cyclohexanediamine). In principle, two units of Ru
must be capable of increased CO2 reduction efficiency. The dinuclear Ru complex was
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(Ru(tpy)Cl)2(µ-L)(PF6)2 (Ru-8) where L represents the new ligand. BE was performed in
0.1 M TBAPF6 in MeCN at GCE and the primary product was CO. Unfortunately, the
new complex did not show an increase in FE for CO nor was the reduction potential more
positive. Nonetheless, the study provided an approach to engineer catalysts with desired
outcomes.
Selective production of HCO2H and C2O42− was achieved by Ali et al.110 by using
an unsymmetrical chelating ligand in mono and dinuclear Ru complexes (Ru-9). The
presence of this novel ligand dmbbbpy (2,2ʹ-bis(1-methyl benimidazol-2-yl)-4,4ʹbipyridine) is expected to create new reaction sites by dechelation and to provide
electrons for CO2 reduction. BE of the monomer in 0.1 M TBABF4 in MeCN (20 mL)
and H2O (0.5 mL) produced HCO2− with 89 % FE and trace amounts of CO. Under
similar conditions, the dimer produced HCO2− with 90 % FE. When dry MeCN was used,
both complexes produced oxalate selectively with an FE of 64 % for the monomer and 70
% for the dimer. It was concluded that the ligand dmbbbpy was responsible for high
product selectivity in both cases.
Bolinger et al.111 reported [Ru(trpy)(dppene)Cl]+ (Ru-10) where trpy = 2,2′,2″terpyridine and dppene =cis-1,2-bis(diphenylphosphino)ethylene reduce CO2 to CO or
formate in freshly distilled MeCN containing 0.1 M TBAPF6. The BE solution had
tributylamine as one of the reduction products. The halide ion is lost in solution phase
offering a vacant site for CO2 to attach. The terpyridine ligand is an electron reservoir
helping throughout the catalysis process. This study illustrated that the product selection
(CO or formate) during reduction was primarily dependent on the catalyst used.
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Chen et al.112 reported polypyridyl catalyst of Ru can be finetuned to undergo CO2
reduction and HER such that syngas can be the final product. The generation of usable
fuels by an electrochemical process is ideal. [Ru(tpy)(bpy)(S)]2+ (Ru-11) where tpy =
2,2′:6′,2′′-terpyridine, bpy = 2,2′-bipyridine, and S = solvent undergoes sequential one
electron reductions in MeCN to produce CO and CO32− as the final products. These
complexes can also undergo proton reduction to form H2.113 BE in 0.1 M TBAPF6 in
MeCN with 10 % H2O produces CO with no competition from HER. Addition of a weak
acid H2PO4− improves the efficiency of HER by 104 times. By adjusting the amount of
H2PO4− added, the competition for HER vs CO2 reduction can be altered thereby
generating CO/H2 mix corresponding to the desired syngas ratio.
Johnson et al.114 report ligand modification of [Ru(R−tpy)(NN)CH3CN]2+ (Ru-12)
where R-tpy is 2,2′:6′,2′′‐terpyridine (R = H) in complex #1 and 4,4′,4′′‐tri‐tert‐butyl‐
2,2′:6′,2′′‐terpyridine (R = tBu) in Complex#2. NN is a bidentate ligand 2,2′‐bipyridine
with methyl substituents in various positions. BE was performed in 0.1 M TBAPF6 in
MeCN at glassy carbon disc working electrode. The major products formed were CO for
all the complexes. When there was no methyl substitution, the electron donating effects
of the substituents was responsible for high catalytic currents. In presence of methyl
groups, the steric interactions prevailed resulting in the methyl group at trans position
with highest catalytic activity. The introduction of a methyl in trans position caused the
6-mbpy plane to tilt away from R-tpy plane opening the ring to easy CH3CN dissociation,
and thus reducing the overpotential required for CO2 reduction.115-116
Chen et al117 reported [Ru(tpy)(bpy)(S)]2+ where tpy = 2,2′:6′,2′′-terpyridine and
bpy = 2,2′-bipyridine) undergo CO2 reduction reaction in sequential one electron
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progression by metallocarboxylate intermediate. The solvent (S) used is MeCN in 0.1 M
TBAPF6 and the major product formed is CO. A carbene analogue of Ru polypyridyl
complex, [Ru(tpy)(Mebim-py)(S)]2+ (Ru-Mebim) where Mebim-py = 3-methyl-1pyridylbenzimidazol-2-ylidene shows higher catalytic activity when compared to the
original complex. BE of Ru-Mebim showed a catalytic rate constant (kcat) of 19 s-1 while
the Ru-bpy complex was 5.5 s-1. The FE for Ru-Mebim was 85 % for CO and less than
20 % for formate. The Ru-bpy showed FE for CO at 76 %. The higher catalytic efficiency
of the Ru-Mebim complex is attributed to the formation of an unstable, twice-reduced
intermediate that rapidly loses CO. The formation of the intermediate that involved
substitution of CH3CN with CO2 was the rate limiting step.
Chen et al.118 explored the Ru-Mebim complex discussed in the previous
paragraph to evaluate its efficiency for splitting CO2 into CO and O2. It has been reported
that [Ru(tpy)(Mebim-py)(OH)2]2+ can catalyze water oxidation.119-120 In principle, using
a MeCN:H2O solvent must result in both, water oxidation and CO2 reduction. A twocompartment cell was used to perform electrolysis. The water reduction chamber
contained the complex in 0.1 M NaH2PO4/Na2HPO4 buffer in H2O:MeCN (9:1 v/v). The
CO2 reduction chamber was 0.1 M TBAPF6 in CH3CN with 5 % water. The BE products
for CO2 reduction were CO with 85 % FE and H2 with < 2 % FE. The rate of water
oxidation under these conditions was limited; and over time the catalyst precipitated at
the anode. The idea of a single catalyst to convert CO2 to CO and O2 can be achieved by
optimizing the ligand and the reaction conditions.
Kang et al.121 reported the CO2 reduction of Ru-Mebim complex to produce
syngas (CO+H2) in an aqueous solution. BE was performed in aqueous NaHCO3 solution
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at BDD (boron doped diamond) electrode. They were able to alter the pH and the applied
potential of the solution to produce syngas with H2:CO composition between 4:1 and 1:2.
Overall electrolytic efficiencies of 50 % were achieved. More work is in progress to
increase FEs by altering the ligand and electrolyte.
A new mononuclear Ru complex Ru(tptz)(CH3CN)Cl2 (Ru-13), where tptz =
2,4,6-tri-(2-pyridyl)-1,3,5-triazine was synthesized by Daryanavard et al.122 BE was
performed in 0.1 M TBAPF6 in MeCN at Pt WE. The reaction mechanism involved
formation of an metallocarboxylate intermediate that undergoes subsequent one electron
reductions to yield CO and CO32− as major products. The carbonate could be precipitated
using aqueous solution of Ca or Ba ions. The FE for CO after 5 h BE was calculated to be
92 %.
Hadadzadeh et al.123 synthesized a novel mononuclear ruthenium(II) complex and
studied its catalytic response with respect to changes in temperature, CO2 concentration,
and scan rate. A novel complex, Ru(dmbpy)(tptz)(Cl)PF6 (Ru-14) was synthesized by the
group where dmbpy = 4,40-dimethyl l2,20-bipyridine and tptz = 2,4,6-tris(2-pyridyl)1,3,5-triazine). Electrolysis was performed in 0.1 M TBAPF6 in MeCN at GCE. The scan
rate was varied from 0.1 V/s to 0.5 V/s and there was a linear relationship between the
cathodic peak current (ipc) and square-root of scan rate (v1/2). This indicated that the
reduction under these conditions was a diffusion-controlled process. The concentration of
dissolved CO2 was varied from 0.033 M to 0.241 M. The various concentrations were
achieved by manipulating the flow rate of CO2 and the purging time of the solution. As
the concentration of CO2 increased, the reduction current increased steadily as well. At
lower temperatures, the solubility of CO2 in MeCN decreased resulting in almost no
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catalytic activity. At room temperature, BE for 4 h produced CO exclusively with 95-97
% FE. There was no trace of H2 indicating a Ru-tptz to be a highly selective catalyst.
Natural photosynthesis uses NADP (nicotinamide adenine dinucleotide
phosphate) to store hydride ion that is the equivalent of two elecrtrons.124-125 These
electrons are responsible for the low energy CO2 reduction process observed in nature. In
principle, a transition metal complex consisting of an NADP-like ligand must be able to
successfully mimic the natural process. To that end, Ghosh et al.126 synthesized an NAD
type carbonyl complex namely, [Ru(tpy)(pbn)(CO)]2+ (#1) (Ru-15) and a NAD type RuCO bridged metallacycle (Ru-16) containing pbn moiety (#2) where tpy = 2,2ʹ;6′,2″terpyridine and pbn = 2-(pyridin-2-yl)benzo[b][1,5] naphthyridine). BE was done in 0.1
M TBAPF6 in MeCN at GCE. The products for both complexes were CO, H2, and
HCOO− with complex #2 exhibiting more selectivity for formate. Although the
complexes show high catalytic activity, the turnovers for formation of HCOO− are
extremely high. More work is required to make the process energy efficient.
Transition metal complexes with pincer ligands provide excellent stability and
tunability to function as electrochemical catalysts for CO2 reduction.127 Min et al.127
investigated five PN3-Ru pincer molecules (Ru-17) with a bipyridine ligand and
aminophosphine arm. BE was performed in 0.1 M TBAPF6 in 3 % H2O in MeCN
mixture on either GCE or carbon paper electrode. Only one complex was unstable and
catalytically inactive. The remaining four complexes produced CO, H2, and HCOO− as
major products after 12 h of electrolysis. The FEs for CO were between 0.5 to 60 %,
HCOO− were 22 to 37 % and H2 were 2 to 23 %. This work explores a promising ligand
platform for efficient CO2 reduction catalysis.
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2.1.9

Rh-based catalysts
When compared with Ru, rhodium based catalysts have found only a few

successful applications.7 Rhodium based hydrido complexes like Rh(diphos)2Cl (diphos
= 1,2-bis(diphenylphosphino)ethane) were first reported by Sacco an Ugo.128 The
complex was electrochemically evaluated by Pilloni and co-workers.129 Its utilization as
CO2 reduction catalyst was demonstrated by Slater et al.130 BE was carried out in 0.1 M
TBAP in MeCN at mercury pool electrode and formate was the major product with 42.4
% FE. This was an initial study exploring Rh complexes as potential catalyst for CO2
reduction. A recent study by Bolinger et al.111, 131 reported a Rh-polypyridyl complex cis[Rh(bpy)2(TFMS)2]+ where bpy = 2,2′-bipyridine and TFMS = trifluoromethanesul
phonate anion. BE was performed in 0.1 M TBAPF6 in MeCN at NaCl calomel electrode.
The products were H2, tri-n-butylamine, butene, and formate. The FEs for H2 was 12 %
and HCO2− was 64 %. It was observed that when electrolysis was continued over a longer
period, the FE for formate decreased while that for H2 increased.
Paul et al.132 reported two Rh complexes with appreciable CO2 reduction
efficiency. The first complex is Rh(tptz)Cl3.2H2O (Rh-1) and the second is Rh(tptz)2
(ClO4)3.2H2O (Rh-2) where tptz = 2,4,6-tris(2-pyridyl)-1,3,5-triazine. BE was performed
in 0.1 M TBABF4 in DMF with 2.5 % water at Pt gauze electrode for 5 to 6 h for each
complex. The major product was formate and the FE for complex #1 was 81.5 % and
complex#2 was 71.1 %. It was also noted that the hydrolysis of tptz ligand produced
bis(2-pyridyl-carbonyl)amide anion, that could be used to synthesize a new set of ligands,
that are hard to synthesize otherwise. This study showed most efficient Rh based CO2
reduction catalysts.
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It was reported that electroreduction of [(η5-Me5C5Rh(L)Cl]+ (Rh-3) in presence
of a proton source can form an hydrido complex.133-134 The hydrido complex, as
discussed already is electrochemically active towards CO2 reduction. Caix et al.135
performed BE of Rh complex in 0.1 M TBAPF6 in MeCN with 3 % H2O at carbon felt
electrode. The main products were formate (36 % FE) and H2. Increasing the water
content to 20 % improved FE for formate to 50 %. However, there was a simultaneous
increase in H2 production. The solution phase products have not been analyzed
completely, and so 100 % FE is not accounted for.
Witt et al.136 reported bimetallic rhodium(II, II) complex with DTolF (pditolylformamidinate), dpq (dipyrido[3,2-f:2ʹ,3ʹ-h]quinoxaline) and phen (1,10
phenanthroline) ligands. Two complexes [Rh2(µ-DToIF)2(dpq)2]2+ (#1) (Rh-4) and
[Rh2(µ-DToIF)2 (phen)2]2+ (#2) (Rh-5) tested. BE was performed in 0.1 M TBAPF6 in
MeCN with 3 M H2O at graphite electrode for 3 h. H2 and HCOOH were the main
products with FEs of 63 % and 3.5 % for complex#1 and 77 % and 7 %, respectively. As
can be observed from the FE data, CO2 reduction efficiency is lower than HER
efficiency. The dinuclear complexes of Rh are very stable. However, their efficiency for
CO2 reduction is very low and therefore, further optimization is required.
2.1.10

Pd-based catalysts
Inexpensive, earth-abundant metals like Pd have been attractive option for CO2

reduction catalysts. Dubois and Miedaner137 synthesized Pd(triphos)(L)(BF4)2 (triphos =
PhP(CH2CH2PPh2)2) complexes where L is CH3CN (in complex #1), P(OMe)3 (#2), PEt3
(#3), P(CH2OH)3 (#4), and PPh3 (#5). BE was performed in 0.2 M TBABF4 in MeCN
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with 0.013 M HBF4 at GCE. All Ph complexes show an increase in catalytic current
indicating a possibility of CO2 reduction. BE produced 3 to 10 equivalents of CO per
equivalent of the catalyst with FE of 74 %. The remaining current was utilized for H2
production. These isoelectronic complexes show promise and are capable of being
excellent electroreduction catalysts.
Another Pd tridentate complex with the formula Pd(etpC)(CH3CN)(BF4)2 (Pd-3)
where etpC = bis(dicyclohexylphophino)ethyl)phenylphosphine) was analyzed by Dubois
et al.138 Polyphosphine ligands are chosen over mono phosphine ligands as they avoid
side reactions like ligand dissociation.139 The presence of CH3CN creates vacant
coordination sites through dissociation. BE was carried out in DMF solvent with 0.1 M
TBABF4 and 0.3 M HBF4 at reticulated vitreous carbon (RVC) electrode. The major
product was CO with 99 % FE identified by 31P NMR spectroscopy. The effect of
monodentate ligand concentration to catalytic peak currents showed that increasing the
amount of monophosphine ligand decreased catalytic activity. This is due to the
formation of a dimer, that causes catalyst deactivation.
The phosphorus moiety of triphosphine ligand was substituted by mesityl or
trimethoxy benzene to form Pd(MesetpE)(CH3CN)(BF4)2 (Rh-1) where MesetpE =
bis((diethylphosphino)ethyl)mesitylphosphine).140 This new complex could inhibit the
formation of the six-coordinate intermediates. This leads to an increase the catalytic rate,
as observed in case of [Ni(cyclam)]2+.141 The BE conditions were the same as in the Pdtridentate complex and the major products were CO and H2 with FEs of 85 % and 19 %
respectively. The bulky mesityl group prevented the six coordinate intermediates and the
reaction proceeded through a five-coordinate transition state.
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The presence of positively charged phosphonium groups attached to the tridentate
ligand of Pd could influence the catalytic behavior of the complex. To that end, Miedaner
et al.142 synthesized Pd(Bu3P+etpE)Br(BF4)2 (#1) and Pd(etpBu3P+)Br(BF4)2 (#2) where
Bu3P+etpE = [(Bu3PCH2CH2)P(CH2CH2PEt2)2]+ and etpBu3P+ =
[PhP(CH2CH2P(CH2CH2PBu3)2)2]4+. BE was carried out in 0.1 M TBABF4 in MeCN
acidified with 0.038 M HBF4 at GCE. Complex #2 had no electrochemical activity under
these conditions and complex#1 reduced CO2 with an FE of 15 % for CO. Nonetheless,
both complexes showed a catalytic current in their CVs.
Water soluble Pd triphosphine complexes were synthesized by Herring et al.143
and their CO2 reduction activity was evaluated. Two complexes,
Pd(HOPetpE)(CH3CN)(BF4)2 (#1) and [Pd(etpEPO)(CH3CN)](BF4)2 (#2) where
HOPetpE = PhP(CH2CH2P(CH2CH2P(O)(OEt)2)2)2 and etpEPO =
Me2NP(CH2CH2P(Et)2)2 were synthesized. BE was performed in 0.1 M TBABF4 in DMF
and water acidified with 0.1 M HBF4 at GCE. Complex #1 produced CO and H2 with FEs
of 49 % and 54 % respectively. In aqueous unbuffered solution, complex #1 produced
CO at 2 % FE and got deactivated quickly. In presence of phosphate buffered aqueous
solutions, the FE for CO increased to 40 % that was comparable to the one seen in DMF.
Complex# 2 showed 39 % FE for CO in DMF and only 17 % in phosphate-buffered
aqueous solutions. Acidified aqueous solutions in both complexes show no catalytic
activity due to deactivation. These ligands might not be efficient as CO2 reduction
catalysts in aqueous solutions but can be used to catalyze other reactions that demand
water-solubility.
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Dendritic molecules are well known for their well-defined molecular
chemistry.144-145 When combined with tertiary phosphines and Pd, they have the potential
of CO2 reduction. Miedaner et al.146 synthesized small dendrimers with 12 -15
phosphorus molecules147 and combined them with Pd(CH3CN)(BF4)2 to produce
metallated dendrimers. Two Pd dendrimers that catalyze CO2 reduction are
Pd5P15(Ph)(CH3CN)5(BF4)10 (Pd-2) and Pd5P15(E)(CH3CN)5(BF4)10 where Ph = phenyl
and E = Ethyl. BE was carried out in 0.1 M TBABF4 in MeCN acidified with 0.05 M
HBF4 at GCE. CO and H2 were the major products and the FEs were 14 % and 25 % for
CO for complexes 1 and 2, respectively. The FE for H2 was higher at 68 % and 87 % for
complexes 1 and 2, respectively. The study was amongst the first ones to evaluate highly
structured dendritic organophosphine based CO2 reduction catalysts. More work is
required to improve their efficiency and selectivity.
Binuclear Pd catalyst was reported by Steffey et al.148 to improve the efficiency of
the Pd platform. They synthesized Pd2(CH3CN)2(eHTP)(BF4)4 (Pd-4) where eHTP =
bis(bis(diethylphosphino)ethyl)phosphino))methane and studied its electrochemistry for
CO2 reduction in 0.3 M TBABF4 in DMF acidified with 0.076 M HBF4. CO was formed
with a FE of 85 % under these conditions and the remainder was H2. When HBF4 was
replaced with H2O, HER prevailed over CO2 reduction. This suggests that there is a
competition between CO2 reduction and HER during electrolysis. The catalytic current
increased linearly with the increase in square root of scan rate even at −50 ℃ indicating a
diffusion-controlled process. Even though the catalysts performed well for a certain
period, they decomposed at a higher rate than other Pd catalysts currently available. To
that effect, Raebiger et al.149 synthesized another bimetallic complex of Pd, m67

(triphos)2Pd(CH3CN))2(BF4)4 (Pd-5) where m-(triphos)2 = C6H4(P(CH2CH2P(C6H11)2)2)2.
BE was performed in 0.3 M TBABF4 in DMF acidified with 0.1 M HBF4 at vitreous
carbon WE. CO and H2 were produced at 80 % and 26 % FE. After 15 h of BE, 82 % of
catalyst was present in its original form. The steric interactions of cyclohexyl groups and
the limited distance between two Pd atoms due to the m-benzene bridge are attributed to
its increased stability. Moreover, kinetic studies show that each Pd atom works
independently to catalyze the electrolysis resulting in a higher reduction efficiency.
Wander et al.150 synthesized Pd(ttpE)(CH3CN)(BF4)4 (Pd-6) where ttpE = bis(3(diethylphosphino)prpopyl)phenylphosphine) to study the effect of chelate ligand bite
size on catalytic efficiency. BE was performed in 0.3 M TBABF4 in DMF acidified with
0.027 M HBF4. The products were CO and H2 with 95 % and 7 % FE, respectively. The
catalyst deactivated after a few hours of BE not by dimerization of the molecule, but
through a different decomposition pathway. This study illustrated that larger bite size of a
ligand can stabilize Pd catalyst sufficiently to prevent dimerization.
Hossain et al.151 reported water soluble Pd complexes with pyrazole and pyridine
ligands for CO2 reduction reaction. Three complexes with the formula [PdCl2L2] were
synthesized where L was either pyrazole, 4-methylpyridine or 3-methylpyrazole. BE was
performed in 0.1 M TEAP in MeCN with 4 % water at GCE. In absence of H2O, there
was no formate or H2 detected after 40-100 min of electrolysis, although the current
remained constant. In presence of H2O, formate and H2 were produced. The FE of
pyrazole complex for formate and H2 was 10 % and 31 %; methylpyridine was 20 % and
41 %, respectively; and methylpyrazole, it was 10 % and 54 %, respectively. The effect
of water concentration on catalytic current was investigated. It was seen that there is a
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drop in peak current when a small amount of water is added corresponding to HER;
eventually at 4 % H2O, the catalytic current has a maximum value. Pyridine and pyrazole
complexes provide electron accessible sites for CO2 reduction at low potentials.
However, the competition for HER must be suppressed and the undetected products must
be identified to account for 100 % FE.
Polypyridyl ligands of transition metal complexes can act as electron sinks
assisting the catalytic reduction of CO2.152-153 To that end, polypyridyl complexes of Pd
were tested by Hossain et al.55 They synthesized Pd(PPh3)2(L)X (X = Cl− or ClO4−) (Pd7) complex where PPh3 = triphenylphospine and L is 2-methyl-8-hydroxyquinoline (2-m8-Hq), 2-quinoxalinol (2-Qui), 1-hydroxyisoquinoline (1-Hiq), 3-Hydroxyisoquiniline (3Hiq), 4,4ʹ-Dimethyl-2,2ʹ-bipyridine (4,4ʹ-dim-2,2ʹ-Bipy), and 4-methyl-1,10phenanthroline (4-m,1,10-Phen). BE was performed in 0.1 M TEAP in MeCN with and
without water at GCE. In absence of water, the only product formed was CO with an
average FE of 80 % for all the complexes. In presence of 8 % water, the amount of CO
decreased, and formate was the major product formed. The FEs for CO and formate in
presence of water for each ligand are as follows: [PdPPh3(2-m8-Hq)]Cl = 25.2 % (vs. 60
% w/o H2O) and 45.8 %; [PdPPh3(2-Qui)]Cl = 24 % (vs. 56 % w/o H2O) and 37.7 %;
[PdPPh3(1-Hiq)]Cl = 31.1 % (vs. 74 % w/o H2O) and 21.8 %; [PdPPh3(4,4ʹ-dim-2,2ʹBipy)]ClO4 = 31.5 (vs. 61 % w/o H2O) and 39.5 %; [PdPPh3(4-m,1,10-Phen)] ClO4 =
44.2 (vs. 81 % w/o H2O) and 30 %, respectively. The data is indicative of the substituent
effects on electrolysis i.e. as the electron donating ability of the ligand was increased, the
formation of CO was favored over formic acid.
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Bis-N heterocyclic carbene (NHC) pincer complexes of Pd were evaluated for
their catalytic efficiency by Therrien et al.154 The electron donating nature of NHC
pincers is analogous to phosphine.155-156 Four NHC pincer molecules were synthesized:
Pd[C^N^C]Cl]BF4 (#1) (Pd-8), Pd[bC^N^bC]Cl]BF4 (#2) (Pd-9) with lutidine bridged
bis-NHC Pd, and Pd[C-N-C]Br]Br (#3) (Pd-10), Pd[bC-N-bC]Br]Br (#4) (Pd-11) with
pyridyl-bridged bis-NHC-Pd. All complexes show a catalytic current in presence of CO2
in 0.1 M TBAPF6 in DMF at reticulated vitreous carbon electrode. The FEs for H2 are 93
% for Complex#1, 89 % for #2, 100 % for #3, and 86 % for #4. The FEs for CO are 9 %
for Complex#1, 8 % for #2, zero for #3 and #4. There were two catalytic current
enhancements observed and the results reported here are for peak current at first
reduction potential. At second reduction potential, the FE for CO increased marginally
(2-3 %) for all the complexes except #3. To favor the production of CO over H2, cationic
additives were added to complex #1 and BE repeated. It has been reported that the
cationic species like K+(KPF6), Mg2+ (Mg(ClO4)2) and BMIm-PF6 (1-butyl-3mehtylimidazoliumhexafluorophosphate) can stabilize the negative charge on oxygen
species of activated CO2.28, 157-158 The addition of K+ and Mg2+ increased FE for CO to 47
% to 30 % (without additive, 9 % FE for CO) in complexes 1 and 2, respectively. With
BMIm, there was a decrease in CO produced possibly due to excess stabilization.
Another way to assist CO formation was done by replacing the more labile Cl− ion with
CH3CN species in complex#1. The FE for CO increased to 17 % from 9 %, indicating the
modification was beneficial.
The lutidine-bridged bis NHC pincer Pd complexes were capable of CO2
reduction. To improve their efficiency, the effect of para substituents like -OMe
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(methoxy), -Br, -COOR (R = H, Br), and -H on complex#1 were explored.159 BE was
performed with addition of 10 mM TFA and the FE for CO with substituents H, Br, OMe
and COOR were 8 %, 10 %, 26 % and 23 %, respectively. The balance FE was attributed
to H2 as its concentration was still higher than CO. Nonetheless, -OMe substitution at
para position was able to increase CO production substantially due to its electron
donating capability.
The annulating moiety of NHC pincer metal complex can affect the σ-donating
and π-accepting properties, that can be helpful in tuning the CO2 reduction efficiency.160161

Therrien et al.162 synthesized Pd complexes with phenanthro (#5) and pyreno (#6)

annulated NHCs pincers and investigated their performance.161, 163 The CV under CO2
atmosphere showed a small current increase in complex#5 while there was no change in
current for complex#6 at the first reduction potential. This is attributed to an increased
stabilization of the complex by extended π-system. Both complexes show a marginal
increase in current at the second reduction potential, and therefore, it was used for BE.
BE was performed in 0.1 M TBAPF6 in DMF at GCE. FE for H2 and CO were 68 % and
10 % for complex #5 and 87 % and 6 % for complex 6. Addition of Mg2+ ion increased
FE by 1 % in #5 and 6 % in #6. There was no appreciable increase in FE for CO even
after switching solvent to MeCN and adding a proton source like TFA (trifluoroacetic
acid). Colorimetric studies were performed on the BE solution to detect other products
like formic acid, formate or formaldehyde. None of these products were detected. Further
work is needed to develop systems that are stable, selective and efficient.
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2.1.11

W-based catalysts
CO2 reduction utilizing abundant and cheaper metals offers more economical

approach towards the process.12 The earliest studies on reductive disproportionation of
CO2 using dianionic W-carbonyls was reported by Lee et al.164 Another study used
tetracarbonyl tungsten complexes with bipyridyl ligands for CO2 reduction.85 Although
FE was high, the potential required for reduction was very negative. The use of gold
electrode,11 and adding phenyl groups165 was suggested to reduce the potential for
reduction. Moreover, presence of bulky substituents on ligands could stabilize metal
complex catalysts.14 Tetracarbonyl diimine W-complexes were synthesized by Franco et
al.166 namely, W(CO)4(4,6 -diphenyl- 2,2ʹ -bipyridine) (#1) (W-1) and W(CO)4(2,2ʹ dipyridylamine) (#2) (W-2). BE of #1 in 0.1 M TBAPF6 in MeCN at GCE for 1 h showed
35 % FE for CO and small amount of H2. Complex#2 had a higher FE for CO at 55 %
and small amount of H2, but it quickly deactivated during the second hour of electrolysis.
More work is required to optimize these low-cost catalysts.
Tory et al.11 reported W(CO)4(2,2ʹ-bipyridine) complex as a potential CO2
reduction catalyst in NMP (N-methyl pyrrolidine). CVs were run in 0.1 M TBAPF6 in
CO2 saturated solutions at Au electrode. The first redox wave occurs at the −1.99 V vs
Fc+/Fc relating to the formation of [W(CO)4(bpy)]˙− and the second one occurs at −2.65
V vs Fc+/Fc due to the formation of [W(CO)4(bpy)]2−. The reduction potentials are
higher and therefore must be evaluated further to obtain a lower value.
Grice et al.86 reported the CO2 reduction of W-hexacarbonyl complexes (W-3) in
presence of non-innocent ligands like bipyridine and imine. These ligands are called
“non-innocent” because of their ability to promote catalysis by accepting and donating
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electrons directly.167-168 BE in 0.1 M TBAPF6 in MeCN without water at GCE showed
CO at 83-95 % FE after 30 min. There were traces of H2, carbonate and bicarbonate in
the FTIR spectra. In presence of a proton source like water (0.98 M), the FE for CO
decreased to 35 %; however, H2 was present at 47 % FE. 1H NMR showed formate at 7
% FE for BE solution containing water.
2.1.12

Re-based catalysts
Rhenium bipyridyl complex has been used as a photocatalyst for CO2 reduction.87

Its use as a homogeneous catalyst was realized much later.169 Re(bpy)(CO)3Cl was
electrolyzed in 0.1 M TBAP in DMF: H2O (9:1) at GCE for 14 h. CO was the only
product formed with 98 % FE. The complex was present in its native form after 14 h of
electrolysis indicating high stability. If the concentration of water was increase to more
than 10 % of the solution volume, H2 was the product and CO efficiency decreased.
In another study, Re bipyridyl complex was described as a photosensitizer and a
homogeneous catalyst for CO2 reduction.170 Re(bpy)(CO)3Cl (Re-1) solution in DMF:
NTE (5:1) (NTE = nitriloethanol = N(CH2CH2OH)3) with excess TBAP and CO2 was
visibly irradiated at λ > 400 nm, CO was produced exclusively at 88 % FE. H2 was not
detected. In absence of CO2, the photolysis led to bleaching of the solution that stopped
in presence of CO2 indicating the irradiation led to generating the active species of the
catalyst responsible for CO2 reduction.
Sullivan et al.171 reported one and two electron pathways for CO2 reduction by
fac-Re(bpy)(CO)3Cl complex. BE was performed in 0.1 M TBAPF6 in MeCN and DMF
at Pt button electrode and GCE. In DMF (DMF: H2O at 9:1), CO was produced at Pt
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electrode. In MeCN, CO and CO32ˉ were the products with 98 % and 112 % FEs. As can
be seen from the CO32ˉ FE value, there is a large experimental uncertainty associated
with carbonate analysis. In absence of CO2, the formation of a dimer was confirmed by
1

H NMR spectroscopy. Based on the data, two different pathways were explored. The

first pathway involves the formation of a dimer of Re-bipyridine complex, which is
suppressed in presence of CO2 and the second involves formation of a solvated
intermediate leading to electrocatalysis.
Room-temperature ionic liquids (RTILs) offer a viable, environmental-friendly
replacement for traditional organic solvents.172 Grills et al.173 compared the efficiency of
CO2 reduction of fac-Re(bpy)(CO)3Cl complex in RTIL and MeCN. The RTIL used was
(emim)(TCB) (1-ethyl-3-methylimidazolium tetracyanoborate due to its high CO2
solubility174 and wide electrochemical window.175 BE experiments were performed in 0.1
M TBAPF6 in both solvents using a carbon fiber UME (ultramicro electrode, 13 µm
effective diameter) and CO was produced in the RTIL with an FE of 88 ± 10 %. In
MeCN, there are two distinct 1eˉ reduction waves that appear in presence of CO2. In
(emim)(TCB), there was only one 2eˉ reduction wave. The CVs were repeated at higher
scan rates and then two different redox waves were visible very close to each other
indicating a very fast redox process in (emim)(TCB). The catalytic current in
(emim)(TCB) was much higher than in MeCN and the potential when the current
plateaued was ~0.45 V more positive than in MeCN indicating that the RTIL decreases
the overpotential of CO2 reduction. This study set a precedent for reporting RTILenhanced homogeneous CO2 reduction.
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Prompted by the success of using RTIL in homogeneous CO2 reduction,
Matsubara et al.176 considered using (emim)(TCB) as a co-catalyst instead of a solvent in
the electrolytic solution. BE was performed using 2 mM fac-Re(bpy)(CO)3Cl complex in
MeCN containing 0.1 M (emim)(TCB) and 0.1 M TBAPF6 balanced with 1:1 ratio of
BzOH to TBA[BzO] to form an acid base buffer.177 In CO2 saturated solution, CO was
produced exclusively with an FE of 100 ± 10 %. Even though the ability of RTIL to
function as a proton donor was suppressed in presence of the buffer, catalytic current
enhancement and the positive potential shift was observed in the electrochemical results.
The positive influence of RTIL presence in homogeneous catalysis of CO2 was further
corroborated by this study.
Wong et al178 studied the effect of addition of Brønsted acids 2,2,2trifluoroethanol, phenol, methanol, and water on CO2 reduction by [Re(bpy)(CO)3(py)]2+.
BE experiments were performed in 0.1 M TBAPF6 in MeCN at graphite cloth electrode.
Addition of Brønsted acids in CO2 saturated solutions increased the catalytic current in
all CVs. However, the current enhancement by methanol and trifluoroethanol was much
higher than phenol and water at 0.57 M acid concentration. BE results show CO
formation with almost 100 % FE for all the acid solutions. When phenol and
trifluoroethanol were present in higher concentrations (> 5 M), a small amount of H2 was
detected. The rate of catalytic degradation of Re complex was slower in presence of acids
indicating their role in preventing the competitive pathway that leads to degradation of
the catalyst. Although water and methanol have similar acidity, the presence of water had
the least impact on increasing the current. In fact, water being a Lewis base, competes
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with CO2 reduction reaction slowing down the overall process. The efficient removal of
water during electrolysis can improve catalytic mechanism.
Homobimetallic Re bipyridyl complexes with methyl acetamidomethyl groups
(Re-2) were prepared by Machan et al.,21 and their performance was compared with
similar heterobimetaalic complexes of Mn. A naturally occurring bimetallic system,
CODH efficiently binds CO2 with the synergistic function of Ni and Fe.179-180
Re(dacpby)(CO)3Cl complex was synthesized where dacpby = (4,4ʹ -bis(methyl
acetamidomethyl)-2,2ʹ-pyridine. BE in 0.1 M TBAPF6 in MeCN with 0.70 M PhOH at
GCE showed 100 % efficiency for CO. The heterobimetallic species had 86 % efficiency
for CO but the catalytic current enhancement was greater. This study shows the
possibility of creating better catalysts with complex structures and sophisticated ligands
to suppress side reactions in electrolytic reduction of CO2.
Machan et al.181 reported an improvement in catalytic efficiency of CO2 reduction
of Re based bimetallic catalysts by adding an pendant amino acid residue, that acts as a
proton source. They synthesized Re(Tyrdac)(CO)3Cl (Re-3) and Re(Phedac)(CO)3Cl,
where tyrdac = tyrosine functionalized (N,N’-([2,2 -bipyridine]-4,4’diylbis(methylene))bis(2-acetamido-3-(4-tert-butoxy)phenyl)propenamide and phedac is
the corresponding L-phenylanaline compound. BE of Re-Tyrdac complex in 0.1 M
TBAPF6 in MeCN acidified with 0.5 M Phenol showed 99 ± 7 % current efficiency for
CO and 2 ± 0.024 % for H2. BE of Re-Phedac complex under similar conditions gave an
FE of 99 % for CO and 0.12 % for H2. When the solvent was switched to DMF, dimer
formation of the complexes was suppressed, and they returned to their unimolecular
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activity. These results are essential as they reveal the cooperative effects of ligands and
pendant donor groups in CO2 reduction.
Manbeck et al182 reported Re tricarbonyls with 4DHBP (Re-4) and 6DHBP
(DHBP = 4,4ʹ-dihydroxy-2,2ʹ-bipyridine) ligands as potential CO2 reduction catalysts.
The DHBP ligands have been known to hydrogenate CO2 in basic solutions due to their
strong electron-donating properties.183 BE was performed in 0.1 M TBAPF6 in CH3CN at
mercury pool electrode. BE of Re-4DHBP complexes in dry DMF shows 95 ± 2 % FE
for CO that is lesser than the FE for Re-bpy complex. In DMF solution with 5 % water,
the FE for CO increased to 110 ± 9 % for Re-4DHBP while Re-6DHBP produced no
gaseous products. In presence of a base, the FE for Re-4DHBP decreased to 86 % for CO
whereas Re-6DHBP was not evaluated. Despite the poor electrocatalytic performance of
Re-6DHBP, Re-4DHBP proved to be a competent CO2 reduction catalyst.
Re-bipyridyl complex was modified by adding conjugated π-electron system that
shifts the optical absorption into a visible spectral range.184 The new Re complexes,
Re(4,4ʹ-bisphenylehtynyl-2,2ʹ-bipyridyl)(CO)3Cl (#1) (Re-5) and Re(5,5ʹbisphenylehtynyl-2,2ʹ-bipyridyl)(CO)3Cl (Re-6) were compared with Re(bpy)(CO)3Cl.
BE was performed for #1 in 0.1 M TBAPF6 in DMF at Pt electrode for 5 h. FE for CO
after 1 h was 9.5 % and after 5 h was 12 %. The complex #2 did not give clear CVs and
was not evaluated further. The low FE indicates the presence of various competing
reactions under these conditions, and therefore, further study is required to prove
organorhenium’s catalyst’s as an efficient CO2 reduction catalyst.
Franco et al.185 studied the photocatalytic electroreduction of CO2 in Re(phenPNI)(CO)3Cl (Re-7) (phen-PNI = N-(1,10 -phenanthrolinyl)-4-(piperidinyl)-1,877

naphthalimide) and Re(bpy-Ph-PNI)(CO)3Cl (Re-8) (bpy-Ph-PNI =4-[N-(4-piperidinyl1,8-naphthalimido)phenyl]-2,2ʹ-bipyridine). They compared the performance of these
new complexes with Re(bpy)(CO)3Cl. BE was performed at mercury pool electrode in
0.1 M TBAPF6 in MeCN with 0.5 M CH3OH or CF3CH2OH as external proton source. In
absence of an external proton source, the FE for CO for Re-phen-PNI complex is 68 %
and for Re-bpy-Ph-PNI is 75 %. Over a short time, the TON (turnover number) of the
catalyst for both these complexes was lower than Re-bpy complex, but when BE was
carried out for 7 h, Re-bpy-Ph-PNI showed a TON for CO as 53, which is the highest
TON value recorded for Re catalyst so far. In presence of an acid, the FEs improved
appreciably for both the complexes.
The photocatalytic measurements were done in a pyrex cell irradiated with a
wavelength (λ) between 400 and 500 nm in a mixture of DMF: TEOA (triethanolamine)
at 5:1 v/v ratio and with 2 mM catalyst. Re-bpy was the best performer amongst the three
compounds, followed by Re-bpy-Ph-PNI complex. Re-phen-PNI showed the lowest TON
amongst the group, even though its known for the longest excited state.186 The study
showed that Re-bpy-Ph-PNI performed well in both electro- and photocatalytic reduction
of CO2.
Liyanage et al.187 reported pincer type Re catalyst Re(pyNHC-PhCF3)(CO)3Br
(pyNHC = pyridyl N-heterocyclic carbene, PhCF3 = trifluoro methyl benzene) (Re-9) as a
potential CO2 reduction catalyst and compared its performance against the benchmark Re
catalyst, Re(bpy)(CO)3Br. In presence of electron-withdrawing substituents like PhCF3,
the Re-NHC molecules showed improved photocatalytic activity.188 BE was performed in
0.1 M TBAPF6 in MeCN at GCE. Re-pyNHC showed catalytic current increase at first
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reduction potential while Re-bpy reference showed an increase only at second redox
potential. BE produced CO in both the complexes in absence of an external proton
source. The FE for CO in Re-pyNHC was 62 % and Re-bpy was 51 % at the end of one
hour. In presence of 2 M H2O, Re-pyNHC had an FE of 92 % and Re-bpy was 61 % at
the end of one hour, indicating the superior performance of the pincer complex as CO2
reduction catalyst.
Another study involving rhenium(I)NHC complexes was performed by Stanton et
al.189 The performance of two new Re complexes namely, Re(N-methyl-Nʹ-2pyridylbenzimidazol-2ylidine)(CO)3Cl (#1) (Re-10) and Re(N-methyl-Nʹ-2pyrimidylbenzimidazol-2-ylidine)(CO)3Cl (#2) (Re-11) were evaluated against
Re(bpy)(CO)3Cl. BE was performed in 0.1 M TBAPF6 in MeCN acidified with 0.5 M
PhOH at graphite rod WE. CO was formed with 99 % FE in the reference complex and
the pincers had 60 % FE for CO. Complex #1 produced H2 and formate with 26 % and 2
% FE, and #2 with 17 % and 4 % FE, respectively. Both pincers were capable of CO2
electroreduction, but they must be optimized for better performance.
Kgnaga et al.190 synthesized three Re complexes with the general formula Re(NN)(CO)3Cl where N-N = 2-(pyridin-2-yl)-4,5-dihydrooxazole in complex#1 (Re-12), 5methyl-2-(pyridine-2-yl)-4,5-dihydrooxazole in #2 (Re-13), and 5-phenyl-2-(pyridine-2yl)-4,5-dihydrooxazole in #3 (Re-14). The conjugation of pyridine moiety with oxazoline
C═N could provide a home for redox equivalents during CO2 reduction, and the electron
donating ability of oxazoline ligand could increase the nucleophilicity of CO2 reduction
intermediate.191 BE was performed in 0.1 M TBAPF6 solution in MeCN at carbon-rod
WE. CO was the major product formed with FEs of 55 % for Complexes #1 and #2, and
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30 % for #3. A small amount of H2 < 3 % FE was seen in all complexes. CVs were
obtained in presence of Brønsted acids like water, phenol, and methanol. There was no
change in peak currents in presence of 0.5 M-2.75 M H2O. In presence of phenol and
methanol, a positive shift in reduction potential along with higher current enhancement
was seen. The catalyst stability and reactions conditions need to be optimized for better
performance.
Re-tricarbonyl complexes were modified by replacing one carbonyl with a weak
π-accepting ligand to form Re-dicarbonyl pincer complexes.192 These new Re complexes
have higher stability and do not undergo nucleophilic attack.193-194 The two complexes
were Re(CO)2(CNC6H4Cl-4)(CN(4-ClC6H4)C2H4X)(bpy)PF6 (Re-15) where X = O in #1
and X = S in #2. A DMF:TEOA (5:1 v/v) solvent with BIH (1,3-dimethyl-2-phenyl-2,3dihydro-1H-benzo[d]imidazole) as a sacrificial donor was used for photocatalysis. BE
was performed in 0.1 M TBAPF6 in MeCN at glassy carbon plate WE. Complex#2 shows
higher current enhancements at lower potentials and so it was further evaluated for CO2
reduction. BE in presence of 0.5 M MeOH produced CO with 90 % FE. The potential
required for the electrolysis is higher than other Re complexes, which needs to be
addressed in future work.
Sung et al.195 reported imidazolium-functionalized Re carbonyl complexes
namely, Re(bpyMe)(ImMe)(CO)3(Cl)PF6 (1PF6) (Re-16) and
Re(bpyMe)(ImMe2)(CO)3(Cl)PF6 (2PF6) (Re-17) for their CO2 reduction activity. Their
hypothesis was that coordinating the charged imidazolium groups with Re could result in
synergistic intramolecular effects. BE was performed in 0.1 M TBAPF6 in MeCN with
0.5 mM ferrocene and a proton source at type 2 glassy carbon rod electrode. FEs for CO
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at 2.8 M H2O are 60 % and 57 % for complexes #1 and #2, respectively. The standard
Re-bpy complex with no imidazolium showed 48 % FE under these conditions. The FEs
in 9.4 M water for CO were 73 % and 35 % for complex#1 and #2, respectively. The
addition of imidazolium group increased catalytic efficiency for CO2 as suggested by the
results.
Rezaei et al.196 synthesized Re(CO)3(phen-dione)Cl complex (Re-18) and tested
its CO2 reduction performance as a homogeneous and heterogeneous reduction catalyst.
BE was performed in 0.1 M TBAH in MeCN with methanol at CMWCNTs-PGE (pencil
graphite electrode modified with carboxylated multiwall carbon nanotubes). The
heterogenous catalyst showed a superior performance over the homogeneous catalyst in
terms of lower onset potential for reduction and high current density. Addition of an
external proton source increased the cathodic current in both cases.
A dinuclear Re complex with a “proton-responsive” ligand was studied by
Wilting et al.197 Re2(L)(CO)6Cl2 (Re-19) where L=4-tert-butyl-2,6-bis(6-(1H-imidazol-2yl)phenol) was synthesized containing a phenol group in close proximity with the active
center to function as a proton relay, and pyridine-NH-imidazole units as α-diimine
donors. BE in 0.1 M TBAPF6 in DMF with 10 % H2O at GCE showed CO with 65 % FE
and H2 with 5 % FE as the major products after 5 h. The IR spectra shows the formation
of a dianion intermediate that decreases the ability of the complex to function as a proton
relay.
The α-diimine ligand was synthesized as a nanographene to form a Renanographene Re(α-diimine((CO)3Cl (Re-20), where α-diimine = 10,11-bis(4bromophenyl)-9,12-diphenylbenzo[e]pyrene4,5-dione to function as an efficient CO2
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reduction catalyst.198 BE in 0.1 M TBAPF6 in THF:methanol (95:5 v/v) at GCE produced
CO with 96 % FE and no H2. Moreover, the potential required for CO2 reduction was 0.48 V vs NHE that is 0.8 V more positive than that required for Re(bpy) complexes.
Application of nanographene based Re catalysts provides a viable pathway for synthesis
of highly efficient catalysts.
2.1.13

Os-based catalysts
The first use of osmium complex as a catalyst for CO2 reduction was reported by

Bruce et al.199 Cis-Os(bpy)(CO)(H)PF6200 (Os-3) was electrolyzed in 0.1 M TBAH in
CH3CN at Pt WE to produce CO with 40 % FE and formate with 8.6 % FE. When water
was added, there was a background current due to hydrogen reduction. The BE was
repeated on molecular sieves and the FE for CO decreased to 21 %, formate to 6.7 % and
very little oxalate was seen. With very low concentration of water, the FE for CO
increased to 80 % and for formate, the FE increased to 8-12 %. These initial studies show
the ability of Os-complexes to reduce CO2 homogeneously.
Tory et al.201 screened two monocarbonyl Os-complexes namely, merOs(CO)(bpy)Cl3 (Os-1) and trans(Cl)-Os(CO)(PrCN)(bpy)Cl2 (Os-2) (PrCN =
butyronitrile) for their CO2 reduction efficiency. Electrochemical studies were performed
in 0.1 M TBAPF6 in PrCN at Pt electrode. IR spectrochemical data shows that the merOs complex can reduce CO2 to HCOO−, HCO32− and the trans-Os can reduce CO2 to CO.
Os-complexes have not been explored as much as other group VIII elements for its CO2
reduction efficiency. Therefore, only a few examples are available for discussion.
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2.1.14

Ir-based catalysts
Iridium is the second most dense element after osmium and can exist in various

oxidation states.202 It is a member of the Pt family and has been screened for its ability to
reduce CO2 homogeneously. were by Kang et al.203 synthesized Ir-dihydride complexes
with PCP-type pincers ligands and evaluated their CO2 reduction efficiency. CVs were
obtained in 0.1 M TBAPF6 in 5 % H2O/ THF and 5 % H2O/ MeCN mixtures at GCE. The
potential for reduction was more positive in H2O/ MeCN solvent (−1.2 V vs NHE) than
in H2O/THF (−1.45 V vs NHE) solvent. So, H2O/MeCN mix was chosen as the solvent
for BE. BE for 25 h produced formate as the major product with an FE of 85 % and the
remaining 15 % was H2. There was no CO found in the headspace. This study reported
the importance of solvent selection towards catalytic activity.
Kang et al.203 reported PCP-type pincer catalyst of Ir (Ir-1) that was soluble in
water and reduced CO2 to formate selectively. BE was carried out in 0.1 M NaHCO3 in 3
mL with 1 % MeCN at RVC electrode. Spectroscopic analysis using NMR confirmed
formate as the only product. The FE for formate was 93 % and very small amount of H2
was seen in the headspace. The potential required for electroreduction of CO2 to formate
was between −1.35 to −1.45 V vs NHE. At other potentials, the ratio of formate and H2
varied. This study developed a robust water soluble Ir catalyst that could be successfully
used for CO2 electroreduction.
An iridium(III)trihydride complex, (PNHP)IrH3 (Ir-2) where PNHP is
HN{CH2CH2PiPr2)}2 was recognized as a CO2 reduction catalyst.204 BE in 0.1 M
TBAPF6 in 12 % H2O:MeCN at GCE for 24 h produced formate with > 99 % FE. There
was no trace of H2 or CO, and the current density during electrolysis was 0.4 mA/cm2.
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The Ir trihydride complex with a bifunctional PNP ligand has very high selectivity and
estimable FE. However, the accumulation of products limited the kinetic performance of
the overall reduction. To address this, Lewis acid salts and water were added to the
solvent mixture to stabilize formate. In presence of a Lewis acid salt NaPF6, the current
density doubled and the release of products was easier.205
Szymaszek et al.206 reported that Ir(CO)(PPh3)2 reduced CO2 to CO and formate
in organic solvents. Ir-phosphine carbonyls have been extensively studied due to their
high catalytic activity.207 BE was performed in 0.1 M TBAPF6 in DMF at Hg electrode.
After 5 h of BE in DMF, 2.7 cm3 of CO and very little formate was produced. The BE
was repeated with 5 % and 10 % water, added to DMF and the CO production increased
to 5.5 cm3 and 8.5 cm3, respectively. However, a small amount of H2 was detected as a
byproduct of HER. The insertion of CO2 in the Ir-H bond to form a hydrido and a
hydroxo complexes helps Ir-phosphine carbonyls to function as efficient CO2
electroreduction catalysts.208-209
Sypaseuth et al.210 evaluated 10 [Ir(bpy)Cp*Cl]+ (Ir-3) type complexes for their
CO2 electrochemical reduction where bpy = bypyridine and Cp*Cl= 1,2,3,4,5pentamethylcyclopentadienyl. BE was performed in 0.1 M TBAPF6 in MeCN:MeOH
(1:1 v/v) at GCE. Of all the complexes, the ones with H, Me, COOEt substitutions and
those with NH2, H substitutions performed the best. Their FEs for formate production
were 99 % and 83 % respectively. Some complexes even produced CO and H2. All the
catalysts showed high TOFs. However, the complexes need to be optimized further to
improve the current density.
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Manbeck et al.211 modified the tridentate tpy (2,2ʹ:6,2ʹʹ-terpyridine) ligands in
[Ir(tpy)(ppy)Cl]+ (ppy =2-phenylpyridine) complex (Ir-4) to improve their capacity for
hydride transfer. The new complexes were [Ir(L3)(ppy)(H)]+ and [Ir(L4)(ppy)(NCCH3)]+
where L3 = bis(benzimidazole)-phenyl and L4 = pyridine. BE was performed in 0.1 M
TBAPF6 in MeCN at Hg electrode. The Ir-L4 complex produced CO with 100 % FE
while Ir-L3 complex produce CO with 45 ± 5 % FE and formate between 5-10 % FE.
There was no H2 production by both complexes. Ir-L3 had the most hydridic capacity but
a lower CO FE was surprising. NMR spectra showed traces of carbonate as a product in
the Ir-L3 complex. Photocatalytic CO2 reduction data for Ir-L4 showed CO formation
with a TON = 12. Ir-L3 was not tested for photocatalytic purposes due to the inability of
the excited complex to be reduce CO2.
Kushi et al.212 evaluated triangular Ir-sulfide clusters [{Ir(C5Me5)}3(µ3-S)2]2+ (Ir5) for their ability to reduce CO2. BE in 0.1 M TMABF4 in anhydrous MeCN at glassy
carbon plate produced oxalate with 60 % FE. There was no carbonate or bicarbonate
detected as a product of electrolysis. Metal complexes are known to produce carbonate
due to reductive disproportionation of CO2.80 This study is noteworthy as it avoided this
reaction and formed oxalate at −0.475 V vs NHE. In another study, a similar Ir-sulfide
structure was used to study the activation of CO2 molecules on the metal leading to
formation of oxalate. The complex Ir(C5Me5)}3(µ3-S)2(BPh4)2 (otherwise written as,
Ir3S2(BPh4)2) was electrolyzed in MeCN with 0.1 M TMABF4 as supporting electrolyte.
The major products, oxalate precipitated on WE with an FE of 60 %. Additionally, a
small amount of formate was present in the solution.
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2.2

Organocatalysts
Majority of homogeneous catalyst are metal based complexes due to the inability

of organic mediators to form stable intermediates during CO2 electroreduction. Another
disadvantage of organocatalysts is their tendency to undergo carboxylation reaction with
CO2 that makes them futile as CO2 reduction catalyst. Nonetheless, there are a few
organocatalysts that can perform CO2 reduction, and these will be briefly discussed in the
next section.
2.2.1

Benzoic acid esters and benzonitriles
The first use of benzonitrile (OC-1) as an efficient homogeneous electroreduction

catalyst was observed by Filardo et al.213 The reduction was observed while trying to
carboxylate styrene by electrophilic substitution in presence of CO2.214 In this study, they
suggested an outer-sphere electron transfer from radical anion to CO2 but it was later
found to be an inner-sphere electron transfer.215 Gambino et al.214 studied a series of 14
benzoates (OC-2) for their CO2 reduction ability. BE in 0.1 M TBAP in DMF at Hg pool
electrode produced oxalate as the major product with FEs as high as 99 %.
2.2.2

Pyridines
In aqueous solutions, pyridinium ions (OC-3) are capable of CO2 reduction at Pd

electrode.216 BE was performed in 0.5 M NaClO4 with 0.01 M pyridine in aqueous
solution acidified with H2SO4 to maintain a pH = 5 during electrolysis. Methanol was the
major CO2 reduction product and the FE was between 20-30 %. Hydrogen evolution was
the competing reaction and formic acid and formaldehyde were intermediates that were
reduced to methanol by pyridine.217 Other electrodes materials used to produce methanol
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using pyridine are Pt,217, Sn,218 p-Gap,106, 219 and Pt/TiO2 nanocomposite cathode.220 To
understand the reduction mechanism, various possibilities have been explored.
Rybchenko et al.221 studied the feasibility of the CO2 electroreduction by pyridine. They
observed that increasing CO2 pressure to force reduction did not help. HER remained the
dominant reaction at any electrode when pyridine was used as a catalyst for CO2
reduction and the FEs remained at 30 % or less. Moreover, they noticed that MeOH was
produced only during a brief induction period. Electrode passivation was ruled out
because there was no MeOH after the electrode was reactivated.
Pyridine based CO2 reduction catalysts are controversial because some results on
Pt electrodes have not been reproducible.222 The mechanism is not completely understood
and they are now believed to catalyze CO2 reduction heterogeneously. These catalysts
exemplify the importance of studying CV and BE results synergistically to understand the
electroreduction potential of a catalyst. Therefore, an increase in peak current on CV
might just contradict the BE results due to the time dependent nature of reactions.223-227
2.2.3

Imidazolium-based ionic liquids
Rosel et al.227 first observed that imidazolium based ionic liquids (OC-4) could

catalyze the conversion of CO2 to CO. Like pyridinium catalysts, the reaction depends on
the electrode surface. Bismuth, Sn and Ag electrodes have been reported to assist the
conversion efficiently.228-230 The mechanism of CO2 reduction using ILs is still unknown.
A recent theoretical investigation by Wang et al.231 calculated the most stable geometry
of the intermediate as [EMIM-COOH]−. The catalytic role of ILs was corroborated by

87

Zhao et al.232 who observed the imidazolium ions modified the electrical double later to
assist the reduction.
Imidazolium based ILs offer a potential alternative to metal based catalytic
systems. The research using ILs as CO2 reduction catalysts is in its infancy stage and
much work is required to establish them. However, the ILs offer an alternative use as
solvents in CO2 reduction reactions.233 Traditional organic solvents like DMF, DMSO
and MeCN used in current CO2 reduction systems are harmful to the environment and
have limited solubility for CO2. ILs are green solvents with wide potential windows, high
conductivity and high solubility for CO2.234-235 A few novel ILs were evaluated in the
current work. Their structures and results will be discussed in chapter 3.
Table 2.1

Table showing homogeneous catalysts with structures.
Catalyst

Structure

Reference

Cr-based
Cr-1

Cr(CO)4(bpy)

236

Mn based
Mn-1

Mn(dmpy)(CO)3Br

12*

Mn-2

Mn(bpy-tBu)(CO)3Br

13*
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Table 2.1 (continued)

Mn-3

Catalyst
Mn(mesbpy)(CO)3Br

Structure

Reference
14*

Mn-4

[Mn(mesbpy)(CO)3(CH3
CN)]+

17*

Mn-5

fac-Mn(dhbpy)(CO)3Br

19*

Mn-6

Mn(6-(2hydroxyphenol)-2,2′bipyridine)(CO)3Br

20*

Mn-7

Mn(dacbpy)(CO)3Br

21*

Mn-8

[Mn(κ3-(2,6-(Ph2PNMe)2
NC5H3)(CO)3]+

7, 22*
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Table 2.1 (continued)

Mn-9

Catalyst
[Mn(κ2-(Ph2P)NMe
(NC5H4))(CO)3]+

Structure

Reference
7, 22*

Mn-10

Mn(Et-Im-Py)(CO)3X (X
= Br−, NCS−, CN−)

23*

Mn-11

Mn(CO)3(IP)Br

7, 24*

Fe based
Fe-1

Iron(0)teraphenyl
porphyrin

Fe-2

Fe(5,10,15,20-tetrakis(4(pyren-1yl)phenyl))porphyrin

2+

25*

32*
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Table 2.1 (continued)

Fe-3

Catalyst
Fe(5,10,15,20
tetrakis(2ʹ,6ʹ
dihydroxylphenyl))
porphyrin

Structure

Reference
33*

Fe-4

Fe(5,10,15,20-tetra (4′N,N,Ntrimethylanilinium))
porphyrin pentachloride

34*

Fe-5

Fe-p-TMA

35*

Fe-6

Fe(5,10,15,20-tetrakis(4methoxycarbonylphenyl)
)21H,23H-porphyrin

36*

Fe-7

Knölker-type
cyclopentadienone
iron(0) complexes
(R=tBu, X=CH2/C2H4/O)

37*
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Table 2.1 (continued)

Fe-8

Catalyst
[Fe4N(CO)12]−

Structure

Fe-9

Fe4N(CO)11PPh3

41*

Fe-10

2,9- bis(2hydroxyphenyl)-1,10phenanthroline (iron
complexes of H2dophen)

42*

Fe-11

o-Fe2DTPP and mFe2DTPP

43*

Fe-12

Iron(III) complex with
2,13-dimethyl3,6,9,12,18pentaazabicyclo[12.3.1]o
ctadeca-1(18),2,12,14,16pentaene ligand

44*
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Reference
39*

Table 2.1 (continued)
Catalyst

Structure
Co-based

Reference

Co-1

[Co(N4H)]2+

45*

Co-2

Tetraazamacrocyclic
complexes of Co

46*

Co-3

Cobalt(III)tetraphenylp
orphyrin

16*

Co-4

Azacalix[4](2,6)pyridine
s with Co

47*

Co-5

Cobalt(II) complex with
2,13-dimethyl3,6,9,12,18pentaazabicyclo[12.3.1]o
ctadeca-1(18),2,12,14,16pentaene ligand

44*
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Table 2.1 (continued)

Co-6

Co-7

Catalyst
Cobalt terpyridine system

Structure

Reference
48*

50*

Cobalt complex with
pendant amine (Otf =
triflate)

Ni based
Ni-1

Tetraazamacrocyclic
complexes of Ni

46*

Ni-2

[Ni(cyclam)]2+

7, 58*

Ni-3

Nickel with biscyclam
ligand

60*

Ni-4

Substituted (R1 and R2 =
CH3 and H)
[Ni(cyclam)]2+

59*
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Table 2.1 (continued)

Ni-5

Catalyst
Amino-pendant cyclam
with nickel

Structure

Ni-6

[Ni(cyclam-CO2H)]2+

64*

Ni-7

bis(polyazamacrocyclic)
nickel complexes

66*

Ni-8

Nickel(II) complexes of
RRSS- and RSSR-HTIM
ligand

68*

Ni-9

[Ni(MTC)]2+

69*

Ni-10

Nickel(II) complex of
1,3,6,9,11,14hexaazatricyclo
[12·2·1·1]octadecane

70*
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Reference
63*

Table 2.1 (continued)

Ni-11

Catalyst
Macrocyclic [N42-]
coordinated nickel
complexes

Structure

Reference
72*

Ni-12

Nickel(II) and N,N′ethylenebis(acetylacetoni
minato) complex (M =
Ni)

73*

Ni-13

Ni complex with a
biscarbene pincer-type
ligand

74*

Ni-14

CCC-NHC pincer of
nickel(II) (L= NCMe and
X= Cl)

75*

Ni-15

Nickel(II) macrocyclic
complex with hydroxyl
pendent chains and a
terephthalato (tp2-) ligand

76*

Ni-16

Dinuclear nickel(0)
complexes with dppa
ligand (X = CH2, NH
and L= CO, CNR)

77*
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Table 2.1 (continued)

Ni-17

Catalyst
[Ni3(µ2-dppm)3(µ3-L)
(µ3-I)]+

Ni-18

Iron terpydine system

Structure

Reference
79*

48*

Ni

Cu-based
Cu-1

[Cu2(6(diphenylphosphino)2,2′-bipyridyl)2
(MeCN)2]2+

80*

Cu-2

Dinuclear copper(I)
complex

237*

Mo-based
Mo-1

11, 238*

Cis-[Mo(CO)4(bpy)]
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Table 2.1 (continued)

Mo-2

Mo-3

Catalyst
Mo(CO)2(η3-allyl) (αdiimine)NCS

Structure

Reference
82*

85*

Mo(bpy-R)(CO)4 (R =
tBu)
Mo

Mo-4

86*

Mo hexacarbonyl
complex
Mo

Ru-based
Ru-1

[Ru(bpy)2(CO)H]+

200*

Ru-2

Cis and trans
Ru(bpy)(CO)2Cl2
complexes

95*

Ru-3

[Ru(bpy)2(napy)(CO)2]2+

98, 239*
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Table 2.1 (continued)

Ru-4

Catalyst
Polypyridyl
ruthenium(II) dicarbonyl
complexes with N,O- or
N,N-donor ligand

Structure

Reference
99*

Ru-5

Ru(mesbpy)(CO)2Cl2

103*

Ru-6

transRu(dmb)2(Cl)(EtOH)PF6

105*

Ru-7

[Ru(phen)2(ptpbβ)]2+

107*

Ru-8

[{Ru(tpy)Cl}2(µ-L)]2+

109*

Ru-9

Ru complex with
dmbbbpy (shown) ligand

110*
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Table 2.1 (continued)

Ru-10

Catalyst
Ru complex with trpy
and dppene

Structure

Ru-11

[Ru(tpy)(bpy)(S)]2+
(S=solvent)

112*

Ru-12

Ruthenium(II)
polypyridyl complex

114*

Ru-13

Polypyridyl
ruthenium(II) complex
with tptz ligand

122*

Ru-14

Mononuclear Ru
complex with dmbpy and
tptz ligand

123*

Ru-15

Ru-NAD type carbonyl
complex

126*
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Reference
7, 111*

Ru-16

Catalyst
Ru-NAD type
metallacycle

Ru-17

PN3-Ru pincer complex

Structure

Reference
126*

240*

Rh-based
Rh-1

Rh chloride complex
with tptz ligand

132*

Rh-2

Bis-chelate Rh complex
with tptz ligand

132*

Rh-3

Pentamethylcyclopentadi
enyl–Rh complex

135
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Table 2.1 (continued)

Rh-4

Rh-5

Catalyst
[Rh2(µ-DToIF)2(dpq)2]2+

Structure

Reference
136*

136*

[Rh2(µ-DToIF)2
(phen)2]2+

Pd-based
Pd-1

Pd triphosphine complex
(S = CH3CN)

140*

Pd-2

[Pd5P15Ph(CH3CN)5]10+

146*

Pd-3

[Pd(triphosphine)(S)]2+(S
= solvent)

138*

Pd-4

Dinuclear palladium
complex with
hexaphosphine ligand

148*
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Table 2.1 (continued)

Pd-5

Catalyst
Pd complex with m(triphos)2 ligand

Structure

Reference
149*

Pd-6

Pd triphosphine with
chelate bites

150*

Pd-7

[Pd(PPh3)2L]X

7, 55*

Pd-8

Pd[C^N^C](Cl)BF4

154*

Pd-9

Pd[bC^N^bC](Cl)BF4

154*

Pd-10

Pd[C-N-C](Br)Br

154*
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Table 2.1 (continued)

Pd-11

Catalyst
Pd[bC-N-bC](Br)Br

Structure

Reference
154*

W-based
W-1

W(CO)4(4,6 -diphenyl2,2ʹ -bipyridine)

166

W-2

W(CO)4(2, 2ʹ dipyridylamine)

166

W-3

W(CO)6

86

Re-based
Re-1

170, 184*

Re(bpy)(CO)3Cl

104

Table 2.1 (continued)

Re-2

Catalyst
Re(dacpby)(CO)3Cl

Structure

Reference
21*

Re-3

Re(Tyrdac)(CO)3Cl (R =
CH2PhOH)

181*

Re-4

Rhenium(I) complex
with α-diimine ligand

182*

Re-5

Re(4,4′bisphenylethynyl-2,2′bipyridyl)(CO)3Cl

184*

Re-6

Re(5,5′bisphenylethynyl-2,2′bipyridyl)(CO)3Cl

184*
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Table 2.1 (continued)

Re-7

Catalyst
Re(phen-PNI)(CO)3Cl

Structure

Re-8

Re(bpy-Ph-PNI)(CO)3Cl

185*

Re-9

Rhenium(I) pyridyl Nheterocyclic carbene
complex

187*

Re-10

Re(N-methyl-Nʹ-2pyridylbenzimidazol2ylidine)(CO)3Cl

189*

Re-11

Re(N-methyl-Nʹ-2pyrimidylbenzimidazol2-ylidine)(CO)3Cl

189*

Re-12

Re(2-(pyridin-2-yl)-4,5dihydrooxazole)(CO)3Cl

190*
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Reference
185*

Table 2.1 (continued)

Re-13

Catalyst
Re(5-methyl-2-(pyridine2-yl)-4,5dihydrooxazole)(CO)3Cl

Structure

Reference
190*

Re-14

Re(5-phenyl-2-(pyridine2-yl)-4,5dihydrooxazole)(CO)3Cl

190*

Re-15

NHC-containing
dicarbonyl rhenium(I)
bipyridine complex
where X = O or S.

192*

Re-16

Imidazoliumfunctionalized Re
catalyst with C-H bond

195*

Re-17

Imidazoliumfunctionalized Re
catalyst without C-H
bond

195*

Re-18

Rhenium(I) carbonyl
complex with phen-dione
ligand

196*

107

Table 2.1 (continued)

Re-19

Re-20

Catalyst
Dinuclear α-diimine
rhenium complex

Structure

Reference
197*

198*

Nanographene Recomplex

Os-based
Os-1

Os(CO)(bpy)Cl3

201

Os-2

Os(CO)(bpy)(PrCN)Cl2

201

Os-3

[Os(bpy)2(CO)H]+

199, 241
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Table 2.1 (continued)
Catalyst

Structure
Ir-based

Reference

Ir-1

PCP-type pincer of Ir

203

Ir-2

PNHP-type pincer iridium
catalyst

204

Ir-3

Pentamethylcyclopentadi
enyl–iridium complex

210

Ir-4

[Ir(tpy)(ppy)Cl]+

7, 211

Ir-5

[Ir3S2]2+

242
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Table 2.1 (continued)
Catalyst

Structure

Reference

Organocatalysts
OC-1

Benzonitrile

7, 213

OC-2

Benzoic acid esters

7, 215

OC-3

Pyridine

7, 217

OC-4

Imidazolium-based IL

7, 232

Table (2.1) adapted with permission from “Francke, R.; Schille, B.; Roemelt, M.,
Homogeneously Catalyzed Electroreduction of Carbon Dioxide—Methods, Mechanisms,
and Catalysts. Chemical Reviews 2018, 118 (9), 4631-4701” Copyright © 2018 American
Chemical Society.
*The copyright permissions for individual structures are listed in the references.
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CHAPTER III
EXPERIMENTAL DETAILS
3.1

Introduction
Carbon dioxide reduction testing is a standard electrochemical procedure. This

chapter will discuss the steps involved in developing a standard electroreduction catalyst
protocol for CO2 testing. The abbreviation ERC is used in this document to mean
“electrochemical reduction of CO2.” The protocol ensures that the only variable during
catalyst testing is the catalyst itself and all other conditions for BE and cyclic
voltammetry are fixed at the optimum. The first set of experiments are to measure CVs
under Ar and compare them with CVs under CO2. If the cathodic current increases under
CO2 atmosphere, the complex is assessed to be a potential CO2 electroreduction catalyst.
The cyclic voltammetry experiment is followed by bulk electrolysis and product
investigation. Gaseous products and products in the solution must be analyzed through
various analytical techniques. Before discussing the experimental aspects, a brief
introduction of RTILs (room-temperature ionic liquids, or also called ILs) and pincer
complexes will be presented, to understand their potential benefits as CO2 reduction
solvents and catalysts, respectively.
3.2

RTILs as solvents in electrochemistry
The first ionic liquid was synthesized and characterized by Walden in 1914.1

Then, it was known as a molten salt to indicate that it was a liquid at room temperature
141

and to include salts with melting points below 100 °C.2-3 RTILs are environmentally
friendly neoteric solvents with high conductivity and thermal stability.4-5 Traditional
organic solvents are highly volatile and pose a risk to the researchers working in the lab
and contribute to air pollution, since they are used in large quantities in chemical
processes. RTILs offer a safer alternative and allow tunability of the cation and anion to
engineer their physicochemical properties.6-7 The following section will briefly discuss
the structure and properties of ionic liquids to emphasize their importance. The acronyms
RTIL and IL will be used interchangeably in this work.
3.2.1

Structure of RTILs
Room temperature ionic liquids are typically composed of an asymmetrical bulky

cation and a small anion.6-7 However, the first IL was much simpler and consisted of
ethyl ammonium (C2H5NH3+) as the cation and nitrate (NO3−) as the anion. Later, Hurley
and Wier8 reported electrodeposition in presence of a eutectic mixture of 1ethylpyridinium chloride (C7H10ClN) and aluminum chloride (AlCl3). The AlCl3 based
ILs are known as the first generation ILs and were not routinely used due to their
hygroscopicity. Wilkes and Zaworotko9 synthesized an imidazolium-based IL in 1992
that marked a second generation of water and air-stable ILs that are used today.
The commonly used cations in ILs are imidazolium, pyridinium, ammonium,
phosphonium, and sulfonium. These are paired with small anions like halides, PF6−, BF4−,
CF3SO3−, N(CF3SO2)2−, and CF3CO2− by anion metathesis reaction,10 acid-base
neutralization,11 and direct combination.12 These cations and anions have been studied
extensively and are shown in Figures 3.1 and 3.2 respectively. However, every year,
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more cations and anions are paired to form new RTIL combinations. It is estimated that
there are as many as 1018 possible RTILs if all the ternary systems are included.13

Figure 3.1

Structures of common cations used in RTILs

The commonly used cations in water and air-stable RTILs have been shown. R1, R2, R3
and R4 represent hydrogens or alkyl substitutions.
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Cl−

Figure 3.2

Structure of common anions used in RTILs

The commonly used anions in RTILs are halides, tetrafluoroborate hexafluorophosphate,
trifluoroacetate, bis(trifluoromethanesulfonylimide) (also called bistriflimide or TFSI−),
and trifluoromethanesulfonate (also known as triflate or OTf) in the order they appear in
the diagram.

3.2.2

Properties of RTILs
The properties of ILs reflect the composite properties of their respective cation

and anion. Hence, it is possible to tailor the compounds with tunable features like
hydrophobicity, acidity, and basicity. Electrochemical research is focused on
development of new IL-based solvent systems. One might argue that aqueous solutions
offer a greener solvent system. However, the limited electrochemical window and
temperature range restrict the use of water for electrochemical applications. A few
general properties of ILs are discussed below.
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3.2.2.1

Melting point
A characteristic of ionic liquid is its low melting point (below 100 °C). Moreover,

this property can be tailored by switching the cation or the anion. The effect of the size of
anion towards its melting point was studied by Endres et al.14 They reported that
switching the anion in 1-ethyl-2-methylimidazolium type IL from BF4− to TFSI−
decreased the melting point from 15 °C to −3 °C. The melting point can be altered by the
lowering the branching on alkyl chain,15 lowering the symmetry of cation,16 and weak
intermolecular interaction between atoms (no H-bonding).17
3.2.2.2

Volatility
Ionic Liquids are considered non-volatile solvents because their vapor pressure at

room temperature is infinitesimal.18 This characteristic diminishes their flammability at
ambient temperatures. Moreover, their contribution to VOCs (volatile organic
compounds) is not a concern making them environmentally friendly in that respect. It
should be noted that ILs are combustible solvents and capable of decomposition and
releasing gaseous products into the atmosphere at higher temperatures.
3.2.2.3

Thermal stability
Thermal stability of ILs are an important requirement for their use as solvent in

batteries and capacitors. Thermogravimetric analysis (TGA) of various ILs indicates that
they are stable at temperatures >350 °C.19 However, some ILs like 1-ethyl-3methylimidazolium tetrafluoroborate ([EMIm]BF4) are even stable at temperatures up to
445 °C for short times.20 However, for CO2 reduction catalysis significantly lower
temperatures must be used.
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3.2.2.4

Viscosity
The viscosities of ILs are one to three orders of magnitude higher when compared

to traditional organic solvents.20 The viscosity of ILs has been reported in the range of 10
to 500 mPa•s.21 These high values are undesirable as they impact the transport properties
of the solvent during a catalytic process. The viscosity could be lowered by either
decreasing hydrogen bonding,14 or Van der Waal’s electrostatic interactions22 or by
adding AlCl4− in acidic mixtures.7
3.2.2.5

Density
ILs are denser than traditional organic solvents and water. Their densities range

from 1 to 1.6 g cm−3.20 The density of the IL can be decreased by either increasing the
bulkiness of the cation or decreasing the molar mass of the anion.14 Density is another
tunable property of an IL. It can be adjusted by carefully pairing an anion with a
compatible cation.22
3.2.2.6

Polarity
The vast number of ILs makes it difficult to evaluate the polarity of each

individual complex. Since polarity is a measure of dissolution strength of the solvent, the
polarities of ILs were compared with other solvents using solvatochromatic dyes23 or
keto-enol equilibria.24 Carmichael and Seddon25 reported that 1-alkyl-3methylimidazolium salts with BF4−, PF6−, and TFSI− were less polar than methanol. Aki
et al.26 indicated that [BMIm]PF6 was more polar than acetonitrile and is partially
miscible in water.
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3.2.2.7

Conductivity and electrochemical window
The conductivity of an ionic liquid is inversely related to viscosity.14 Their typical

conductivities range from 0.1 to 20 S/cm.7 Imidazolium based salts with BF4− anions
show higher conductivities.27 Hence, these are most suitable for electrochemical
applications.
The electrochemical window is defined as the potential range over which the
complex is neither oxidized or reduced at an electrode.7 ILs exhibit electrochemical
windows between 4.5-5 V, that are much larger than aqueous solutions. The wide
potential window along with their thermal stability makes them ideal for
electrodeposition of metals at ambient temperature.28
3.2.2.8

Toxicity and biodegradability
Although ILs are known as green solvents, their synthetic procedures are

hazardous leading to potential toxicity.29 Moreover, their stability causes them to
accumulate in the environment, thereby seriously impeding their biodegradability.29
Current efforts are focused on recycling ILs and making them more biodegradable.30 A
new series of “Bio-ILs” are being designed by Keskin et al.30 They are composed wholly
of biodegradable materials and, once optimized, will revolutionize the use of ILs in the
industry.
3.2.2.9

Cost
Any industrial process demands the use of low-cost starting materials or

renewable feedstock to be sustainable. The high cost of IL synthesis is currently
prohibitive in large scale applications.
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3.2.3

Novel RTILs for solvent use
Various ILs were prepared by metathesis between two kinds of cations, 3-[(4-

bormophenyl)methyl]-1-methyl-1H-imidazole-3-ium and 3[(2-bromophenyl)methyl]-1,2dimethyl-1H-imidazol-3-ium and three anions namely Br−, PF6−, and TFSI−. The bromo
group was placed in ortho, para, and meta positions of the phenyl ring. The synergistic
effect of the stereochemistry of methyl and bromine groups and their interactions with the
coordinating anion on the electrochemical window of the solvent was analyzed.
Table 3.1 lists the two cations with their structures and IUPAC names. The
abbreviated names will be used in the following discussion. The synthetic details are
unavailable for discussion as the salts were synthesized in another laboratory by Dr.
Patrick C. Hillesheim. The testing protocol illustrated by Yeon et al.31 was adopted to
study the ILs.
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Table 3.1

Table listing all cations and anions tested for electrochemical windows.

Ortho

3-[(3-bromophenyl) methyl]1-methyl-1H-imidazol-3-ium
[oBrph-MIm]+

CATIONS
Meta

Para

3-[(4-bromophenyl)
methyl]-1-methyl-1Himidazol-3-ium
[mBrph-MIm] +

GMW of cation: 252 g/mol

3-[(3-bromophenyl) methyl]1,2-dimethyl-1H-imidazol-3ium

3-[(4-bromophenyl)
methyl]-1,2-dimethyl-1Himidazol-3-ium

3-[(2-bromophenyl)
methyl]-1,2-dimethyl1H-imidazol-3-ium

[oBrph-DIm]+

[mBrph-DIm]+

[pBrph-DIm]+

GMW of cation: 266 g/mol

Bromide

ANIONS
PF6−
Hexafluorophosphate

GMW = 79.9 g/mol

144.3 g/mol

−

Br

TFSI−
bis(trifluoromethane)
sulfonimide
279 g/mol

Structure and nomenclature of RTILs synthesized by Dr. Patrick Hillshiem; These ILs
were tested in this study for their electrochemical potential windows.
All ILs, except for the ILs with a TFSI− anion attached to the ortho and para
bromophenyls complexes were solids at room temperature. Therefore, the density of
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these salts was calculated before experiments. A small volume (200 µL) of the IL was
pipetted out using a micropipette and weighed. The experiment was performed only once
due to limited quantity of sample. Table 3.2 shows the results for the three liquid TFSI−
salts.
Table 3.2

Density of the salts containing TFSI− anion.

Salt name
Volume (mL)
mass (g)
[oBrph-MIm][TFSI]
0.2
0.21
[oBrph-DIm][TFSI]
0.2
0.34
[pBrph-DIm][TFSI]
0.2
0.32
−
The densities of RTILs containing TFSI anion are listed.

Density (g/mL)
1.06
1.72
1.59

The experimental approach used to measure the electrochemical stability of an
RTIL involves generating the i-V polarization curve by cyclic voltammetry at inert
electrodes like glassy carbon.32 It is assumed that the cathodic and anodic limits are set by
the redox processes of cation and anion, respectively.33 This statement might not be true
in all cases as it was seen that the TFSI− anion underwent reduction more easily than
N,N-propylmethyl-pyrrolidinium cation.34 Hence, verification of the cathodic and anodic
limit of an ionic liquid with respect to its cation and anion provides a reasonable
indication of its stability.
3.2.3.2

Experimental details
All electrochemical experiments were performed on a SI 1287 potentiostat. The

working electrode was a glassy carbon disc electrode (GCE) with a 3 mm diameter. It
was polished using alumina slurries composed of 15, 5, 3, 1, and 0.03 µm alumina
particles. After each polish, the GCE is rinsed thoroughly to remove all residues. The Pt
wire counter electrode (CE) is rinsed with dilute HNO3 and doused with DI water before
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use. The reference electrode (RE) was prepared by dipping a silver wire in a 0.1 M
AgNO3 solution in MeCN. The conversion chart by Addison et al.35 can be used to
change potentials obtained from using Ag/Ag+ RE to other reference electrodes like
NHE.
The electrolytic solution consisted of RTIL in MeCN at 25 °C. The amount of
RTIL required to prepare 0.05 M solution was calculated for each complex based on its
molar mass. This amount was weighed in a 5 mL standard flask, and MeCN was added to
make the volume 5 mL. The MeCN used was dried over 4 Å molecular sieves to decrease
its moisture content.
3.2.3.3

RTIL potential windows
The cathodic and anodic limits are determined by the onset of reduction and

oxidation of the analyte respectively. This means that as soon as the current density value
surpassed 150 mA/cm2 over zero, the redox limit was reached. The ortho and meta [BrphMIm]+ data are summarized in Figure 3.3. The ILs containing bromo groups show the
smallest windows due to fast oxidation of bromide. The anodic potential limit for MeCN
is more positive than the IL with bromide anion. The presence of halide ions like Br− is
responsible for the small anodic potential window for RTILs. However, the ortho and
meta position of bromo groups on bromophenyl groups does not significantly impact the
electrochemical stability of the RTIL.
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Figure 3.3

Comparison of ortho and meta [Brph-MIm]+ data for RTILS in MeCN at
GCE electrode.

The electrochemical window depicted in the graph represents the potential limit where
there was no oxidation of reduction observed. The ILs are compared with the potential
window of MeCN. The blue side represents the cathodic limit and the orange represents
the anodic limit.

Electrochemical data of [Brph-DIm]+ with all the anions are shown in Figure 3.4.
The ILs with bromide anion show the lowest stability while the ones with TFSI− and PF6−
have much higher range. The anodic limit of TFSI− based ILs is almost 900 mV higher
than MeCN. The cathodic limits of m-[Brph-DIm]+ are highest with a value of −3.55 V
vs Ag/Ag+ RE. However, the CVs show many side reactions indicating the presence of
impurities. The data for both the cations was compared for PF6− and TFSI− anions as
shown in Figure 3.5. The anodic potential windows are only 400-500 mV different and
the cathodic potentials are 200 mV apart for all complexes except m-[Brph-DIm]TFSI.
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Figure 3.4

Comparison of ortho, meta, and para [Brph-DIm]+ data for RTILS in
MeCN at GCE electrode.

The electrochemical window of [Brph-DIm]+ based ILs with bromo at ortho, meta, and
para positions is shown. The data is compared against MeCN.

Figure 3.5

Comparison of PF6− and TFSI− salts of [Brph-DIm]+ and [Brph-MIm]+ in
MeCN at GCE electrode.

The chart compares the electrochemical stability of PF6− and TFSI− salts of both cations.
The bromide anion data is not compared as it did not perform well.
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Although the addition of RTIL m-[Brph-DIm]TFSI almost doubled the
electrochemical window, it was not evaluated further nor used as an electrolyte for ERC
studies. The primary reason for not using these RTILs is their unavailability as
spectroscopically pure species. The CVs show various small impurities that could
interfere with the study of novel catalysts. Secondly, the stability of the electrolyte is
specific to the electrodes used. Any change in the reaction environment necessitates
reconfirmation of the IL stability. While studying novel complexes, it seems
unreasonable to introduce another variable in the reaction set-up. Finally, it has been
shown that ILs are capable of actively participating as co-catalysts in the ERC process.36
The efficiency of the catalyst would be difficult to account for, if there was an active
participation by the RTIL. Nonetheless, the study of RTILs provided an insight into their
wide electrochemical windows of operation. When optimized, RTILs could replace
traditional organic solvents.
3.3

Pincer complexes for ERC
The term “pincer” was used by van Koten in 1989 to describe the complexes

discussed here.37 A pincer38 molecule is characterized by the presence of a central metal
or metalloid atom bonded by a σ-bond to an aryl ring. This metal-aryl center is flanked
by chains or rings consisting of donor atoms called as “arms” of the pincer complex. A
basic structure of an ECEʹ aryl pincer complex is shown in Scheme 3.1.39 The ability to
modulate the electron donating properties of the complex by varying the arms of the
pincer molecule allows one to customize the properties of the complex. Moreover, the
properties could also be influenced by varying the para substituent (shown as “A” in
Scheme 3.1) of the aryl ring. This position has been called as an anchoring group because
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it has been traditionally used to link the complex to various surfaces or polymers. The Ln
group shown in the scheme represents the counter anion or an ancillary ligand. These
complexes have gained importance because they offer high stability and faster synthesis
of parent ligands along with numerous ways to introduce a metal into the framework.

Scheme 3.1

Structure of an ECEʹ aryl pincer complex

Adapted with permission from “Niu, J.-L.; Hao, X.-Q.; Gong, J.-F.; Song, M.-P.,
Symmetrical and unsymmetrical pincer complexes with group 10 metals: synthesis via
aryl C–H activation and some catalytic applications. Dalton Transactions 2011, 40 (19),
5135-5150.” Copyright © 2011 Royal Society of Chemistry. The scheme of ECEʹ aryl
pincer complex is shown with M= central metal atom, E, Eʹ = the donor groups used to
directly modulate the ligand properties and A= the donor group in para position of the
aryl ring to indirectly modulate the ligand properties.

Pincer ligands with various metal atoms and donor groups have been synthesized
since 1976.40 They are named based on the donor groups surrounding the metal atom.
Phosphine containing PCP-aryl complexes were amongst the first to be synthesized by
Shaw,40-41 by the reaction of a metal halide salt of a 1,3-substituted aryl ring with the
bulky t-BuPCH2 groups. The bulky groups in positions 1 and 3 activated their mutual
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ortho site, where the metal could be easily substituted. Amine containing aryl pincer
complexes of NCN type were synthesized by the transmetalation reaction between the
ligand 2-[(dimethyl-amino)methyl]-phenyl dimer with a metal halide salt [Br2SnRRʹ].42
These pioneering studies of pincer complexes resulted in many new homoleptic
manifolds like the thioether based SCS aryl complexes,43 benzylic ether based OCO-type
complexes,44 organoselinium based SeCSe pincer,44 chiral and achiral nitrogen
containing NCN pincers,45 and NNN-type pincers with both donor groups and central
nitrogen atom.46 Mixed pincer systems with two different electron donor groups working
cooperatively as seen in PCN47 type ligands with phosphine-based P(t-Bu)2 and NEt2
unit48 have been reported.
A new set of highly versatile pincer complexes were synthesized by incorporating
N-heterocyclic carbenes (NHCs) into the pincer ligand backbone. These are known as
pincer carbene complexes (CCC-NHC) and are characterized by extraordinary stability
due to η3-coordination.37, 45 This high stability has gained interest in catalytic chemistry.
These complexes have been broadly classified into two types based on their binding
mode: the ones with a linker between the NHC and aryl ring are denoted as C^C^C (Type
A) or C^N^C (Type C) complexes. The presence of a linker is efficiently denoted by the
carat symbol that represents broken conjugation. In absence of a linker, the complex is
denoted by CCC (Type B) or CNC (Type D). To indicate the NHC type, superscripts are
added after the letter and before the carat symbol. For example, imidazole-based type A
complex would be written as Ci^Ci^C and a benzimidazole-based type D complex would
be written as CbzNbzC. Lastly, the arms of the pincer flanking the metal atom are written
as superscript on either side of the atoms bound to the metal. For example, a butyl group
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would be written as a chemical abbreviation Bu, making the formula, BuCbzNbzCBu. This
system of nomenclature offers an ingenious method to convey relevant information about
the complex in a succinct manner.
The first isolable NHC pincer complex was synthesized by Arduengo in 1991.49
The synthesis of CCC-NHC complexes proceeds by metalation of bis(imidazolium) salt
precursors.50 The precursor synthesis has been optimized by Hollis and co-workers50 by
alkylation of the “core”, namely, 1,3-diimidazolebenzene. The current study tested two
CCC type B catalysts with Fe and Pt as the central metal atom. Their structures and
synthesis will be discussed in the next section.
3.3.2

Type B Pt complex
Hollis and co-workers51 reported the first successful synthesis and

characterization of CCC-NHC zirconium complex in 2005. Since then, as many as 140
complexes have been reported by combining group 4, 5, 8, 9, and 10 metal atoms. Group
10 metal pincer complexes remained elusive until Fout and Hollis52 synthesized a Ni2+
pincer utilizing metalation/transmetalation strategy. Once the strategy was successfully
applied to synthesize Ni and Pd53 complexes, it was extended to make Pt complexes. The
first public disclosure about the Pt54 pincer molecules came in 2012, 53 54 although they
had been synthesized much earlier than that. These complexes emitted a characteristic
blue light under long wave UV stimulation and were hypothesized to possess
electrocatalytic properties for CO2 reduction.
A Pt complex, analogous to a Ni pincer55 successfully verified for its
electrocatalytic ability for CO2 reduction, was chosen for evaluation. The structure of the
Pt pincer, (BuCiCiCBu)Pt-Cl is shown in Scheme 3.2. The Ni-complex has the same
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manifold as Pt and was shown to have a turnover frequency (TOF is the moles of product
formed by each mole of catalyst per unit time) value of ~30 s-1 with Faradaic efficiencies
for CO and formate at 34 % and 47 %, respectively. The promising performance of Ni
pincer catalyst motivated the assessment of the homoleptic Pt pincer complex.

Scheme 3.2

Structure of (BuCiCiCBu)Pt-Cl pincer molecule

Structure of (BuCiCiCBu)Pt-Cl pincer complex is shown. The aryl ring is flanked by two
imidazolium rings represented an ‘i’ superscript. The butyl chain on the nitrogen is
represented as Bu.

The synthesis of Pt pincer begins by alkylation of the core with butyl groups on
nitrogen to form (H)3(BuCiCiCBu)Cl2. The synthesis of the core has been described by
Hollis and co-workers.56 The alkylation step was followed by activating the three C-H
bonds by utilizing the corroborated electrophilicity and basicity of Zr(NMe2)4.51-52, 57-58 A
platinum(II) source was added alongside the zirconium reagent in an inert atmosphere to
achieve transmetalation reaction. Scheme 3.3 outlines the reaction steps with the “core”
as the starting material. The Pt pincer complex was obtained at 50 % yield. The surplus
Zr reagent was precipitated with excess water after the completion of the reaction. The
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identity of the complex was verified using 1H and 13C NMR, and the crystal structures
were determined using X-ray crystallography. The Pt pincer complex is a yellow,
thermally stable solid. It was used as received from Min Zhang of Dr. Hollis’s lab. The
molecule was insoluble in MeCN, and so DMF was used as the solvent for CV and BE
studies.

2BuCl, CH3CN
Reflux 16 hours
“Core”

[(H)3(BuCiCiCBu)][Cl]2

1. 1.5 eq Zr(NMe2)4
2. Pt(COD)Cl2
3. H2O

(BuCiCiCBu)Pt-Cl

Scheme 3.3

Steps detailing the synthesis of Pt pincer complex from the precursor
molecule.

The scheme details the alkylation of the precursor molecule with butyl groups followed
by the transmetalation to form the Pt pincer complex. Scheme adapted with permission
from “Zhang, X.; Wright, A. M.; DeYonker, N. J.; Hollis, T. K.; Hammer, N. I.; Webster,
C. E.; Valente, E. J., Synthesis, Air Stability, Photobleaching, and DFT Modeling of Blue
Light Emitting Platinum CCC-N-Heterocyclic Carbene Pincer Complexes.
Organometallics 2012, 31 (5), 1664-1672” Copyright © 2012 American Chemical
Society.
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It must be noted that initial evaluation studies of Pt complex were done using the
Pt pincer catalyst shown in Scheme 3.2. The other catalysts evaluated in the present study
i.e. [Ni(cyclam)]2+ and Fe pincer complex are soluble in MeCN; Pt complex was soluble
in DMF (and DMSO) only. To maintain comparable BE conditions across all the
complexes, a new, MeCN soluble Pt pincer molecule with neohexyl arms on the nitrogen
was evaluated. In both Pt complexes, the Pt was present in the +2-oxidation state in
solution. The results for both Pt complexes will be discussed in the next chapter.
3.3.3

Type B Fe complex
An economically feasible catalyst must be made from earth-abundant materials.

To achieve a more cost-effective and scalable ERC process, Fe based pincer molecule
((BuCiCiCBu)(bpy)Fe(Cl)BPh4) was evaluated for its potential as a CO2 reduction catalyst.
Scheme 3.4 shows the structure of the Fe catalyst. The synthesis method of the catalyst is
currently not available. The Fe pincer backbone is analogous to the Pt pincer with two
additional metal-nitrogen bonds containing a bidentate 2,2ʹ bipyridine (bpy) ligand. The
Fe is present in +3 oxidation state in solution.
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+

Scheme 3.4

BPh4 ̄

Fe pincer complex evaluated for ERC process

The structure of Fe pincer complex with bipyridyl group and BPh4− counter ion is shown.
Except for the counter ion and the bipyridyl group, the complex is homoleptic to the Pt
pincer complex tested for ERC.

The rationale for adding a bipyridyl group to Fe pincer complex has been
explained by Thompson et al.59 Briefly, the six-coordinate Fe(III) complex formed by
coordination with bpy stabilizes the complex, while allowing a high degree of reactivity.
This would not have been likely with carbonyl ligands and the replacement with bpy is
essential to improve its performance. Moreover, the presence of a bulky bpy group
prevents formation of a bimetallic hydride, thus assisting CO2 reduction. The Fe complex
is a reddish brown solid with high solubility in MeCN.
3.4

Reference catalyst [Ni(cyclam)]2+
To compare the efficiency of novel catalysts, it was important to have a validated

catalyst as a reference. [Ni(cyclam)]2+ has had a long history of favoring electroreduction
of CO2 over hydrogen evolution in aqueous solutions.60-61 Additionally, it has
extraordinary selectivity for CO production at low overpotentials60 at a mercury
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electrode.60 The mechanism of catalysis has been described by the adsorption of an active
species, [Ni(cyclam)]+, on the electrode surface thereby reducing CO2 to CO.62 The
adsorption of the catalyst on electrode surface discouraged its study as a homogeneous
catalyst until Kelly et al.63 challenged this mechanism. They studied the reduction
mechanism using pulse and continuous radiolysis and concluded that the product
formation proceeds by [Ni(cyclam)(CO2)]+ and [Ni(cyclam)(H2)]+ intermediates.64 This
was the first conclusive study elucidating the homogeneous reduction behavior of
[Ni(cyclam)]2+ as a CO2 reduction catalyst.
Recently, Froelich et al.65 studied the homogeneous behavior of [Ni(cyclam)]2+ at
an inert glassy carbon electrode (GCE) in MeCN:H2O mixed solvent system. The catalyst
reduced CO2 to CO and H2 efficiently, confirming its electrocatalytic ability towards CO2
reduction in a homogenous fashion. The history of [Ni(cyclam)]2+ approving its efficacy
along with the facile synthetic procedure motivated the use of this complex as a reference
material. The results from Dr. Froelich’s article are compared with the ones obtained in
our study in the Chapter 4. The structure of [Ni(cyclam)]2+ is shown in Scheme 3.5. The
catalyst was synthesized in the lab, and the synthetic procedure is discussed in the
following paragraph.
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Scheme 3.5

Structure of [Ni(cyclam)]2+ catalyst used as reference for ERC study

The structure of [Ni(cyclam)]2+ is shown in the picture. The catalyst is soluble in water
and MeCN. It is a mauve-colored complex with a high efficiency for CO2 reduction.

3.4.2

Synthesis of [Ni(cyclam)]2+
The synthesis method for dichloro(1,4,8,11-tetaazamacocyclotetradecane)nickel-

(II) has been outlined by Bosnich et al.66 Pure 1,4,8,11-tetaazamacocyclotetradecane
ligand (98 %) was obtained from Fisher Scientific and used as received. Nickel(II)
chloride hexahydrate (NiCl2•6H2O) (0.29 g) was dissolved in 20 mL warm ethanol. This
solution was added to a solution of 0.25 g of cyclam in 10 mL ethanol to form a light
brown solution. This solution was warmed over a water bath (75-80 °C) for at least 10
min. Slow addition of diethyl ether produced a mauve precipitate, which was filtered,
dried, and stored in an air-tight container until use.
The light brown solution must be warmed for a minimum 10 min for the
quantities mentioned in the synthetic procedure. The reaction between cyclam and NiCl2
is slow and required adequate time to complete. Premature removal can lead to
appearance of a brown precipitate along with the mauve one indicating incomplete
product formation. It is advisable not to use the brown product for any ERC experiments.
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Additionally, the addition of ether must be slow, preferably using a dropper to avoid
excess addition. Since ether evaporates easily, the precipitate can be left inside a fume
hood for a few hours to dry. A successful synthesis using this procedure yields at least
0.25 g of [Ni(cyclam)]2+ complex.
3.5

Experimental set up for ERC
The experimental set up for ERC included a dedicated workstation to perform CV

and BE experiments. The potentiostat used for electrochemical studies is a Solartron
Analytical 1287A. The gaseous products and BE solution are analyzed using gas
chromatography and UV-Vis spectrometry, respectively. An SRI 8610C GC system was
used for chromatographic analysis of gaseous products. A Shimadzu UV-2550
spectrophotometer was used to analyze the solution for formate. The following sections
will discuss each component of the electrochemical set up and the method development
protocol for product analysis.
3.5.1

Electrochemical set-up for CV and BE
The schematic representation of the electrochemical setup is shown in Scheme

3.6. The main components are the 3-neck flask with the counter electrode, working
electrode, reference electrode, and electrolytic solution, the gas washing bottle connected
to Ar and CO2 source, the potentiostat, and the product analysis instruments. Each of
these sub-systems will be explained in detail in the next section. The 3-neck flask with
the electrodes and electrolyte is an important part of the system and its assembly is
critical to understand. Moreover, the system is sealed to prevent escape of gaseous
products formed during BE.
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GC-TCD/FID

Ar

CO2

Sampling

Qualitative
test

Potentiostat

Scheme 3.6

UV-Vis

Schematic diagram of ERC experimentation

The schematic diagram shows the experimental set-up for ER process. The Pt Mesh CE,
the Ag/Ag+ RE and GCE as the WE. The sampling and sparging ports are closed during
the experiment. The tube connecting the CE chamber to WE equilibrates the pressure
during sparging so that there is no solution flowing into and out of the CE chamber.

3.5.1.2

Sparging equipment
The experimental set up requires sparging the solution with Ar to observe the

redox process in the absence of catalytic activity. Ultra-high purity grade Ar gas tanks
were obtained from Airgas. The source for CO2 was dry ice. A Drechsel gas washing
bottle was used to saturate the gases with the solvent vapor before introducing them into
the electrolytic cell. The bottle was filled with the same solvent as the one in the
electrolytic cell. This provided an effective mechanism to dry the gas stream before
launching it into the electrolytic chamber. The sparging was carried out for at least 15
min to ensure that the electrolytic cell was completely saturated. The cell was sealed with
septa and parafilm immediately after each sparging. This ensured the sanctity of the
environment in the cell. Sampling was done either before or after the experiment to avoid
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introduction of any atmospheric contaminants into the cell atmosphere. Additionally, the
closed system guaranteed a CO2 concentration of 0.28 M in MeCN67 (0.036 M in aqueous
solution)68 at the beginning of each experiment.
3.5.1.3

Potentiostat
A Solartron SI1287 electrochemical interface was used for all CV and BE studies.

3.5.1.4

Electrolytic cell
The electrolytic cell consists of the 3-neck flask with electrolyte, reference

electrode (RE), working electrode (WE), counter electrode (CE), and the sparging and
sampling ports. Figure 3.6 shows all the components of an electrolytic cell used in the
current study. Each of these components will be discussed in the subsequent paragraphs.
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sampling port

Electrolyte solution

Figure 3.6

Electrolytic cell used for ERC study.

The 3-neck cell used for ERC study is shown in the picture. The WE electrode shown is a
3 mm glassy carbon disk electrode used in CV experiments. The CE is a Pt wire inserted
in a glass tube separated from the electrolyte solution through a porous frit.

3.5.1.4.2

3-Neck flask with electrolyte

A 25 mL three neck round bottomed flask with 14/20 outer joints (Kontes
Bantam-ware glass company) was used for all CV and BE experiments. A small volume
ensured economic execution of experiments using only 5 mL of solvents, smaller amount
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of supporting electrolyte, and test materials. Besides, the limited headspace volume
allowed efficient sparging of the cell atmosphere with Ar and CO2 in 15 min.
The electrolytic solution consisted of the solvent, supporting electrolyte, and test
material. Pure acetonitrile (MeCN) and acetonitrile mixed with a predetermined amount
of water were used as solvent systems for ERC. The acetonitrile was 99.9 % pure HPLC
grade. Before using the solvent, it was dried over 4 Å molecular sieves and then stored in
a heavy-duty glass desiccator until use. Deionized water (DI water) with >18 MΩ-cm
purity was used for all experiments. All glass apparatus was dried in an oven overnight at
150 °C before use.
The supporting electrolyte used was tetrabutylammonium hexafluorophosphate
(TBAPF6) obtained from Sigma-Aldrich. To make a 0.1 M solution, 1.93 g of supporting
electrolyte was added to 5 mL of the solvent. The electrolyte was present in the isolation
chamber of CE and RE at an identical concentration.
The novel test material or the analyte was added to the solvent at a 1 mM
concentration. If water was being added to the solvent, the amount was adjusted to ensure
that each CV or BE result corresponds to 1 mM catalyst.
3.5.1.4.3

Reference Electrode

An Ag/Ag+ ion electrode was used as reference in organic and mixed solvent
systems. To minimize the liquid junction potential, the solution inside the Ag/Ag+
electrode was 0.01 M AgNO3 in 0.1 M TBAPF6 in the solvent used in the electrolytic
chamber. The Ag-wire was inserted in the solution of the solvent or the solvent mixture
in a glass jacket with a fine frit. The wire was stored in 0.1 M TBAPF6 solution when not
in use. Fresh AgNO3 solution was filled on the day of the experiment to ensure
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consistency between all solvent systems in the electrolytic cell. The glass jacket was
inserted in a 14/20 septa to glide smoothly into the neck joint of the flask. The solution
levels inside the RE and the electrolytic cell were adjusted to coincide.
3.5.1.4.4

Counter Electrode

The counter electrode used was a Pt mesh in its own isolation chamber. The
isolation chamber (catalog #RRPG097, Pine Research) is a glass tube with a frit and a
14/20 mount. The glass frit at the bottom of the tube is an ACE D frit with a pore size
between 10-20 µm. The solution inside the CE chamber is 0.1 M TBAPF6 in the same
solvent as the electrolytic solution. It is essential to enclose the Pt CE in its own chamber
because CO has been known to decrease anodic efficiency during catalysis.69 The
presence of a fritted separator allows ionic exchange between the solutions without
poisoning the Pt electrode. Just like in RE, the CE solution level must coincide with the
electrolytic solution level to prevent solution mixing.
The idea of using a frit with 10-20 µm diameter is to eliminate any resistance to
ion exchange. However, while sparging the solution, it was observed that the pressure
inside the electrolytic chamber increases, forcing some solution into the CE chamber.
Once the sparging is stopped, the pressures normalize as the solutions return to their
respective chambers. The mixing of solutions not only contaminates the CE chamber,
increasing the risk of CO poisoning, but also dilutes the solution in the electrolytic
chamber. A smaller frit size would prevent the solutions from mixing but will increase
the resistance to ion exchange. To counteract the pressure changes in the electrolytic
chamber, a “pressure equilibration tube” (as shown in Figure 3.6) was used. A U- shaped
metal tube of 3 mm internal diameter was threaded through the CE chamber back into the
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electrolytic chamber by the septa used to mount RE. Before introducing this apparatus,
the pressure changes were being counteracted by the solution flow in and out of the CE.
In presence of the equilibration tube, the excess gas in the CE chamber is rerouted to the
electrolytic cell until equilibrium is reached. At moderate gas flow, the device can
prevent solutions from mixing. The small volume cell equipped with pressure
equilibration device containing 5 mL solution could achieve Ar or CO2 saturation in 15
min at moderate gas flow.
3.5.1.4.5

Working Electrode

The working electrode is a 3 mm glassy carbon disk electrode for initial cyclic
voltammetry experiments. For BE, a larger current density is required and therefore, a
larger GCE plate electrode was used. The GCE plate had an active area of 1.68 cm2
offering a spacious platform for ERC to occur. Since the electrode was made in the lab, it
was important to calculate the exact active area of the electrode. This was achieved using
the Randles-Ševčík relationship between peak currents and square-root of scan rate.70
Sublimed ferrocene was used as the reversible couple, and the CV experiments were
performed. The sublimation process and the experimental details are discussed below.
3.5.1.4.5.1

Sublimation of ferrocene

Ferrocene is a metallocene consisting of two cyclopentadienyl rings connected to
the central iron atom (Fe(C5H5)2).71 It undergoes an electrochemically reversible one
electron oxidation forming a ferrocene/ferrocenium (Fc+/Fc) couple.72 Hence, it is widely
used in electrochemistry as an internal reference when reporting standard reduction
potentials.
170

Sublimation of ferrocene at 110 °C produced ferrocene crystals that were used to
prepare 1 mM Fc solution in MeCN containing 0.1 M TBAPF6. The solution volume was
5 mL, and the ERC electrochemical set up was used to study the redox chemistry of the
Fc+/Fc couple.
3.5.1.4.5.2

Calculation of WE area using Randles-Ševčík equation

The Randles-Ševčík73-74 equation correlates the scan rate and the peak currents of
a diffusion controlled redox process like the ferrocene/ferrocenium couple. Equation 3.1
shows the formula for the calculation of peak current, and the parameters have been
explained in Chapter 1.
⁄

𝑖𝑝 = (2.69 × 105 )𝑛3⁄2 𝐴𝐷𝑜1 2 𝐶𝑜∗ 𝑣 1⁄2

(3.1)

CVs of ferrocene redox wave were obtained at 20, 50, 100, 200, 300, 400, 500,
750, and 1000 mV/s with Ag/Ag+ reference and Pt counter electrodes. Figure 3.7a shows
the CVs at different scan rates. The anodic and cathodic peak currents increase with the
increase in scan rates as shown in the graph. In a diffusion-controlled process, there is a
linearity between the peak currents and the square root of scan rate as shown in Figure
3.7b. The slope of the graph gives the ratio of peak current to the square root of scan rate.
This value is substituted in the equation with n = 1, the Do from literature75 for ferrocene
in acetonitrile = 2.60 × 10−5 cm2s−1 and the concentration Co = 1 × 10−6 moles/cm3. The
active area of the BE electrode was found to be 1.68 cm2.
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Figure 3.7

(a) Fc+/Fc current i vs voltage graph (b) Anodic peak currents (ipa) vs
square root of scan rate (v1/2)

Figure 3.7a shows anodic peak current part of the CVs for 1 mM Fc+/Fc couple in 0.1 M
TBAPF6 at GCE at difference scan rates ranging from 20 mV/s to 1 V/s. 3.7b shows the
Randles-Ševčík plot of the anodic peak currents for the Fc+/Fc couple against the square
root of scan rate. The linearity of the graph indicates a diffusion-controlled process.
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3.5.1.4.6

Sparging and Sampling port

The sparging port consisted of a small inlet tube with an inner diameter of <2 mm
to allow the gas stream to enter inside the electrolytic cell. It also had a 5 mm stainless
steel tube that provided the escape of extra gas during the sparging and maintained the
cell at atmospheric pressure. Before sparging the solution, the CE and RE are placed in
position and sealed using electrical tape and parafilm. The sparging port is the only inlet
into the cell environment once the cell is assembled. Hence, it is critical to ensure that
when the sparging is done, the sparging port is switched with the WE quickly to avoid
contaminating the cell environment.
The sampling port is a small 2.54 cm long metal tube with 3 mm internal diameter
present in the same septa as the BE GCE. After sparging, the septa containing the
sparging port was swapped quickly with the WE septa. The sampling port is kept sealed
until the experiment is completed. The sampling port is sealed using 5 mm septa and
parafilm. Sampling is done with a VICI “Pressure-Lok” gastight syringe (Catalog #
050032) with a standard 26-gauge beveled needle. 0.5 mL gas sample is withdrawn from
the headspace of the electrolytic cell though the septa on the sampling port. The syringe
is locked using the push button lock immediately after sampling and taken to the GC for
analysis. These syringes by VICI prevent sample loss during the transport and have safety
features to prevent any plunger blowout at higher pressures. The time delay between the
first sampling and chromatographic analysis was no more than 10 min during each BE
run.
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3.5.2

Gas chromatography (GC)
The headspace gases were analyzed using gas chromatography equipped with

flame ionization detector (FID) and thermal conductivity detector (TCD). Additionally,
the FID had a methanizer attachment to convert CO to CH4. This section will discuss the
method development with GC SRI system and its validation.
3.5.2.1

Method development
Gas chromatography is a separation technique used to separate a mixture of

volatile compounds using carrier gas as a mobile phase. An SRI 8610C GC system with
two detectors, manufactured by SRI Instruments was used to analyze the headspace
gases. The products in the headspace are CO and H2 along with unreacted CO2 and
residual Ar.
The scheme below (Scheme 3.7) shows the major components of the GC used in
the current study. The major components of the system are the injection port, compressed
gas tanks with regulators, column oven, column, detectors, and the data analyzing
software. The software used is called “PeakSimple” that translates the data from the GC
into a chromatogram. Additionally, it offers tools to integrate peaks and generate standard
curves for quantitative information.
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Oven

Injection port

Output
Ar

H2: Air mixture

H2
Air compressor

Scheme 3.7

Schematic diagram of SRI GC equipped with FID and TCD

Schematic diagram of SRI 8610C GC used for product analysis. The carrier gas is Ar and
H2 tank is connected to FID with methanizer. The on-column injection and the second
detector TCD are shown.

3.5.2.1.2

Sample preparation and standard selection

The injection port of the SRI 8610C GC is attached to the column head directly
and is a part of the column oven. This maintains the injection port and the column at the
same temperature. The on-column injection produces reproducible results with no sample
loss as the sample is introduced into the bore of the column. Moreover, the carrier gas is
introduced into GC from the injector port, ensuring sample flow direction into the column
and not in reverse. The SRI GC instrument is equipped with a bakeout switch for the
column injector that can be cleaned in less than 10 min by flipping a switch. This feature
was used between analyses to maintain sample integrity and prevent carryover from any
residual sample.
Major reduction products in the headspace sample are CO and H2. However,
methane and other hydrocarbons may be present. Since CO2 is the reactant, it constitutes
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most of the headspace unless the catalyst is extraordinarily efficient at reduction.
Therefore, it is required to withdraw 0.5 mL sample from the headspace (maximum
syringe capacity). Additionally, if a re-run of headspace analysis is required, another 0.5
mL volume is available to the user from the BE chamber. It must be noted that the
concentration of BE products might be lower in the second analysis when compared to
the first one.
A 0.1 mL sample of 100 % CO (Airgas Part# UN1016) gas was used as a
qualitative standard for determining the retention time of CO in the column. A CO and H2
mixture (Airgas Part# X03NI6C3000000) consisting of 46.55 mole% CO, 46.80 mole%
H2 and N2 balance was used to optimize separation conditions between CO and H2 peaks.
The elution order was H2, O2, N2, CO, CH4, and CO2 on the resultant chromatogram. The
elution order for products of interest was determined by an alternate syngas standard
consisting of 18 % H2, 0.89 % O2, 52 % N2, 18.75 % CO, and 2 % CH4.76 The maximum
sample size for the CO/H2/N2 mixture was 0.3 mL due to saturation of the CO peak on
the FID. CO calibration was performed using the calibration gas (800 PPM CO and H2
each, 2 % O2 and balance N2) purchased from Gasco (Part # 17L–AM300S).
3.5.2.1.3

Carrier gas

H2, He, Ar, and N2 are commonly used as carrier gases77 in GC analysis. H2 gives
the best efficiency for CO analysis. However, since H2 and CO had to be evaluated
simultaneously from the sample mixture, H2 was ruled out as the carrier gas. He is an
excellent choice for detecting CO and N2. However, it has poor sensitivity for H2
detection due to their similar thermal conductivity values (Table 3.3.). So, helium was
ruled out as a potential choice for analysis. N2 seems like an economical choice for
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carrier gas but has been shown to have longer analysis times and poor resolution
efficiency. Therefore, ultra-high purity Ar was chosen as the carrier gas for GC analyses.
The optimum pressure for Ar was selected as 21 psi and the pressure regulator
attached to Ar gas tank was set to 40 psi to ensure constant flow during the experiment.
When using Ar as the carrier gas, the peaks for N2 and O2 elute together. This does not
impact the current product analysis; however, it is an important parameter to consider
when making a carrier gas choice.
3.5.2.1.4

Column

Packed molecular sieve columns are traditionally used for the analysis of
permanent gases.78 Restek’s Shincarbon ST (Cat # 19808) is a micropacked column with
high surface area (~1500 m2/g) carbonaceous molecular sieves, capable of separating
permanent gases at above ambient temperatures (cryogenic cooling is not required). The
Shincarbon column used is 2 m long with ID = 1.00 mm, OD = 1/16 inch and mesh size
of 100/120. This is a robust column capable of handling temperatures as high as 280
°C/300 °C (for regeneration), has minimal bleed and is compatible with TCD and FID.
No other column was tested because this fulfilled all the requirements for product
analysis.
3.5.2.1.5

Detectors

The GC used is equipped with two detectors: flame ionization detector (FID) and
thermal conductivity detector (TCD). These two detectors are required to detect all the
CO2 reduction products without compromising analytical efficiency. TCD was used to
detect H2 and FID with methanizer was used to detect CO and any other product with a
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C-O bond. TCD is one of the most commonly used detectors in GC. It detects the gases
by comparing the thermal conductivities (K̃ ) of the pure carrier gas against the mixture of
carrier gas and the analyte. The thermal conductivities79 of the gases relevant to ERC are
reported in Table 3.3. The O2 and N2 thermal conductivities are extremely close to each
other. This means that thermal conductivity values of reference (N2) and sample gases
(N2 + O2) will be same. Thus, the TCD will consider the sample to be carrier gas with no
sample mixed in it and the chromatogram will not show any peaks.
Table 3.3

Table showing thermal conductivities of various gases.

Compound
K̃ [W cmˉ1∙Kˉ1]
H2
1710
He
1470
CH4
303
N2
240
O2
245
CO
231
Ar
164
CO2
145
The TCD works on comparing the thermal conductivities of pure carrier gas vs. the
mixture of carrier gas and the sample. The table lists the thermal conductivities79 of the
gases that are of interest for the current study.
The TCD is known as a “Universal” detector because it is non-selective and only
depends on the thermal conductivity changes. TCD detectors can detect gases whose
thermal conductivities are considerably different than the thermal conductivities of the
carrier gas used. The sensitivity ranges varies from 102 to 106 ppm80 depending on the
compound. SRI 8610C GC has the TCD located outside the column oven in a separate
stainless-steel jacket with its own oven.
The minimum temperature required for a good TCD signal is 100 °C. The current
study set the TCD temperature to 105 °C and Ar pressure to 21 psi. The safety switch
178

setting that turns off the detector at reduced or no carrier gas flow was set to 8 psi (default
setting is 3-4 psi) to protect the TCD filaments.
The sample exiting the TCD chamber enters the FID chamber as the detectors are
connected in series (Scheme 3.7). The TCD has poor sensitivity for CO in presence of Ar
as a carrier gas because their conductivities are similar. Hence, FID can be used to detect
the remaining two compounds with the same carrier. FID is highly sensitive to
hydrocarbons with a detection range of 0.1 ppm to 100 %.81 Since CO cannot be detected
by FID directly, a methanizer converts CO and CO2 to CH4.
The methanizer accessory connected to the FID detector is shown in Scheme 3.8.
The TCD eluent enters the methanizer tube containing a nickel catalyst at a temperature
of 380 °C. The CO and CO2 are immediately converted to CH4 in presence of H2 and are
sent to the FID chamber. The chemionization of hydrocarbon increases the current that is
detected by the current collector located perpendicularly to the flame.82 Since, the sample
is detected after passing through the column, the FID retention times match the TCD
retention times within a second or two.
FID with methanizer is a robust detector with high sensitivity. However, a few
precautions must be followed to ensure efficient analysis. The Ni catalyst can be
poisoned by sulfur. Hence samples containing excess sulfur must be avoided. The H2
flow must be 25 mL/min, and the air flow must be 10 times higher at 250 mL/min. The
SRI 8610C GC used had a built-in air compressor set to 5 psi to attain the optimal air
flow rate. The H2 flow was set to 24 psi on the system, and the pressure regulator was set
to 35 psi. Since CO is produced in small quantities as a BE product and only 0.5 mL of
sample is injected during each GC run, the FID gain was set to HIGH to increase the
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sensitivity for CO detection. This setting caused the CO2 signal to go off scale (>5000
mV signal). This can be avoided by terminating analysis when CO2 starts to elute or
back-flushing the column. To remove residual CO2 from the column and detector
chambers, performing a blank run after a sample run is suggested. The methanizer
temperature must always be greater than 350 °C to guarantee complete catalytic
conversion of CO.
Viewport
cap nut

Thermostat

Current
collector
Exhaust

Ni catalyst
Air flow

H2 supply

Scheme 3.8

Ceramic Amplifier
ignitor

The FID detector with methanizer accessory.

The eluent from TCD enter the methanizer followed by the FID where it is chemionized
and the current generated by ions is detected by the current collector. The amplifier can
increase the gain if the signal amplification is required for higher sensitivity.

3.5.2.1.6

Temperature programming

SRI GC is equipped with both temperature and pressure programming. Initially,
pressure programs were tested to check the ideal psi value leading to satisfactory peak
separation and moderate analysis times. The best flow rate for complete H2 elution and
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efficient CO conversion was found to be 21 psi and hence the carrier gas flow was set to
maintain this flow rate throughout the experiment.
The study focused on developing an efficient temperature program that would
elute all the components of the mixture in under 15 min and to make sure no peaks eluted
together. After many trials, the final program selected with 0.5 mL sample volume is
shown in Table 3.4. It starts with an isothermal elution of H2, N2/O2, and CO at 75 °C,
followed by a ramping the temperature at 40 °C /min to start the elution of CO2. The
temperature is held at 150 °C for 8 min to ensure all the CO2 is eluted. SRI 8610C GC is
capable of fast cool down times making the analysis times quicker between different
samples. The total analysis time was ~16 min that included elution of entire CO2 in the
sample.
Table 3.4

Final temperature program for analysis of CO2 reduction products
Initial (°C) Hold (min)
Ramp in °C/min)
75
6
40
150
8
0
Total analysis time: 15.88 min

Final (°C)
150
75

The final temperature program starts with an isothermal elution of H2 and CO followed
by a steep ramp to elute CO2.
3.5.2.2

Method Validation
The developed method was validated for specificity, linearity, limit of detection,

and repeatability. The ability of a method to detect each component of a mixture
unambiguously is called its specificity. A 0.2 mL syngas sample composed of H2, N2,
CO, CH4, and CO2 was analyzed. The chromatograms obtained from TCD and FID are
displayed on the same graph in Figure 3.8.
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Figure 3.8

Chromatogram showing the signals from TCD and FID for syngas.

The chromatograms from TCD and FID are superimposed to show the retention times of
the gases eluting from the column into the detector chamber. The sample travels from
TCD into FID chamber. Thus, the waves corresponding to CO, CO2, and CH4 show
higher retention time for FID.

The retention time in minutes is plotted on x-axis and the signal intensity in
millivolts is plotted on the y-axis. The signal from FID is much higher than the signal
from TCD detector because an amplifier is used. Therefore, the FID signal was divided
by 75 for comparison. As shown, the method successfully detects all the gases in the
mixture. The delay in peaks observed between the TCD and FID signal is due to the
travel time from TCD through the methanizer into the FID. As mentioned earlier, O2 and
N2 cannot be separated using this method. The small pre-peak in N2 denotes the presence
of O2. The N2/O2 peak is inconsequential to the data analysis and hence can be
overlooked. However, the major CO2 reduction products are positively identified. This
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helps ascertain the specificity of the method described here for quantifying the gaseous
products of ERC.
The second parameter to validate the method was to establish linearity between
sample size and the output signal. Different volumes of the mixture of 46.55 % CO +
46.8 % H2 (balance is N2 gas) were injected into GC. The chromatograms obtained are
shown in Figure 3.9. As the sample volume increases, the peak height increases in both
the detectors. The TCD signal corresponds to H2 and the FID signal corresponds to CO.
The two small peaks in chromatogram 3.9a between 3 and 4 min correspond to N2 and
CO in order from left to right. The CO detection has lower sensitivity in TCD as can be
confirmed with the peak height differences in chromatogram 3.9a vs. 3.9b. The maximum
amount of H2 detectable by TCD detector is 0.05 mL of 46.8 mole% H2 and for FID
detector is 0.03 mL of 46.55 mole% CO.
The calibration curves in Figure 3.10 compare the detector response of both the
detectors and the sample volume injected. There would be no peak in absence of CO or
H2 and therefore the zero-volume signal is assumed to be zero. Figure 3.10a corresponds
to TCD detector signal, and the R2 value is 0.95 indicating a good linear fit of the data
from 0.01 to 0.05 mL. However, the R2 value for CO detection was only 0.94 from 0.01
to 0.03 mL injection volume. Linearity was lost at higher volumes (> 0.03 mL),
indicating either lower detection efficiency of the FID or poor catalytic conversion by
methanizer. To circumvent the linearity issue with the CO/H2 gas mix, a CO calibration
standard was purchased from Gasco and used to calibrate CO.
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(a)

(b)

Figure 3.9

Chromatograms showing the relationship between peak intensity and
sample volume

Chromatogram 3.9a and 3.9b show the peak height increase with sample volume for H2
(TCD detector signal) and CO (FID signal), respectively.
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Figure 3.10

Calibration curves for H2 and CO of volume vs. peak area.

The calibration curves for H2 and CO peak areas vs. sample injection volumes are shown
in Figures 3.10a and 3.10b respectively.

The lowest limits of detection for CO and H2 were determined using the standard
gas mixes. 0.5 mL of the calibration gas composed of 800 ppm CO and 800 ppm H2 was
analyzed. There was no peak for H2 at this concentration, and the CO peak showed good
signal. Therefore, the calibration gas was used only to calibrate CO and not H2. The 46.8
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mole% H2 gas tank mixed with CO and N2 was used to calibrate H2. The lowest value
that can be detected for TCD detector for H2 as given by SRI instrument manual is 1 mL
of 10 ppm injection. However, under current operating conditions, the value was much
higher, as the peak for 0.01 mL of H2 at 46.8 mole% was less than 5 mV. When the
calibration gas containing 800 ppm of H2 was injected (0.5 mL volume), the H2 peak
value was less than 4 mV. Upon reducing the volume to 0.2 mL, the peak completely
disappears. Hence, the 46.8 mole% H2 tank was used for calibration, and the lowest limit
was set to 10 µL of this sample. The calibration graph is shown in Figure 3.10a. The GC
detectors are extremely sensitive to the environment, and therefore the peak height check
was done with one sample volume each day before analyzing BE products to ascertain
the validity of the graph.
H2 calibration was performed using 100 µL of 46.80 % H2 gas and CO was
calibrated using 800 ppm CO. The CO detection limit was much lower due to the
presence of the FID methanizer. 0.5 mL of 800 ppm CO sample gave a peak height of
~32 mV. A small CO peak could be seen with a 0.2 mL sample, but at 0.1 mL sample
volume, the peak for CO was no longer visible, indicating that the detection limit has
been reached.
It is important to understand that the limits of detection for GC will vary with a
change in the carrier gas, flow rate, and detector temperatures. Hence, the method
developed is selective only towards the analysis described for the sample of interest. The
peak heights and areas will vary when conditions are adjusted. Moreover, the molecular
sieve column tends to absorb sample constituents and get deactivated. Therefore, a
column bakeout is necessary to ensure the sieves are activated and the results are
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reproducible. The bakeout procedure used in the study is shown in Table 3.5. More than
one bakeout was occasionally necessary when the detector signal was noisy as shown in
the table.
Table 3.5

Bake out temperature program for Shincarbon column for permanent gas
analysis

Initial (°C)
Hold (min)
Ramp (°C/min)
Final (°C)
40
1
10
250
250
20
0
250
40
2
0
40
Total time: 44 min
This bakeout program worked well with the current sample composition. If the column
signal seemed noisy, the second step was extended by 10 min making the total bake out
time to 54 min.
The final test to validate the method was to check the reproducibility of the GC
analysis. 800 ppm CO calibration curves were obtained after baking the system with 0.5
mL sample volumes. Five trials were run on the GC system and the peak height and peak
area analyzed. The chromatograms obtained are displayed in Figure 3.11.
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Figure 3.11

Validating reproducibility of the CO measurements in GC FID detector.

The graph shows the data reproducibility for CO in FID detector with methanizer. The
inset shows the peaks on a magnified scale.

As seen in Figure 3.11, all five trials within 1 % of each other in their peak
heights. The inset in the graph shows a magnified version of the peaks. One must
remember that the signal of the detector drifts with time. When this variation is accounted
for along with the microscopic sampling error from the gas bag, these results are in good
agreement for reproducibility of the sample.
The method validation was concluded to be successful after evaluating all the
parameters and the temperature program was used for all data analyses. The integration
of peaks was done using PeakSimple software’s built-in integration protocol. The
calibration of gases produced retention factors that would be used to calculate the
concentrations of gases produced during the BE experiment.
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3.5.2.3

UV-Vis Spectroscopy
UV-Vis spectroscopy was used to analyze formate produced during BE of CO2.

According to Narayanan et al.,83 formate could be determined in an acidified BE solution
in the 190-250 nm region. They took a sample of BE solution, lowered the pH with
sulfuric acid and then boiled it for 10 min to remove carbonates and bicarbonates. The
UV vis spectrum was then measured, where the 230 nm was chosen as the analytical
wavelength to estimate formate. The wavelength was chosen based on the calibration
graph, which shows compliance to Beer-Lambert’s law84 at 230 nm with an extinction
coefficient of 12.24 L mol−1 cm−1.
In the present study, the BE solution had TBAPF6 supporting electrolyte at high
concentration. To avoid interference, TBAPF6 was precipitated out by adding water to the
sample.85 The hydrophilic nature of the catalysts and TBAPF6 ensured complete removal
of each of these components from the BE solution at 1:19 sample:H2O dilution. This ratio
was carefully determined after various dilutions to ensure complete removal of catalyst
and supporting electrolyte. After dilution and filtration, the remaining solution was
directly analyzed by UV-Vis and diluted again if the concentration of formate was too
high. Dissolved CO2 was not a concern because of its low solubility in water. Hence the
solution was not boiled as suggested in the study that inspired the method.
A standard solution was prepared by titrating 1 M reagent grade (≥ 95 %) formic
acid (Sigma-Aldrich Cat# F0507-500 mL) with 1 M NaOH (Cat # S8045, anhydrous
pellets, ≥ 98 %) solution. The sodium formate solution formed was serially diluted to
produce solutions with concentrations of 0.2 M, 0.1 M, 0.05 M, 0.025 M, 0.0125 M, and
0.00625 M in MeCN. UV-vis studies were performed on a Shimadzu UV-2550 UV-Vis
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Spectrophotometer with an accuracy of 0.3 nm. The wavelength selected for analysis was
220 nm based on its agreement with the Beer-Lambert’s law. The extinction coefficient
(Ɛ220) was 5.45 L mole−1 cm−1 for 1 cm path length. Approximately 2.5 mL of sample was
taken in a clean quartz cuvette, and the wavelength scan was performed. The sides of the
cuvette were wiped with a Kim-Wipe before placing it in the spectrometer. The
calibration graph obtained is shown in Figure 3.12. The R2 value is 0.999 showing a good
agreement with the experimental data.
It must be noted that the sodium ion does not interfere with the analysis as the
UV-Vis absorbance of sodium ion at 220 nm is negligible.86 Hence, the analysis of
formate can be accurately done in the presence of Na+. The filtration must ensure a clear
solution. If the solution looks cloudy or has a tinge of color, it must be diluted and refiltered.

Figure 3.12

Calibration curve of formate in UV-Vis spectrophotometer at 220 nm

Calibration curve for formate at 220 nm in UV-Vis spectrophotometer.
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UV-vis spectrometry offers a straightforward method for formate analysis. 1H
NMR has also been used to quantify formate, but the current study was limited by the
high cost of NMR reagents and operating the instrument itself. Hence, the most
economical solution for analysis, UV-vis spectroscopy was used to confirm the formate
quantity. Moreover, the calibration graphs and the formate assessments were reproducible
when repeated under identical conditions, confirming the viability of the method.
3.5.2.4

Qualitative tests
Along with the quantitative analysis of BE products by GC and UV-Vis

spectroscopy, qualitative tests had to be performed to confirm the presence of formate.
The most popular test for confirming an aldehyde is the Tollens’ test.87 Tollens’ reagent
is ammoniacal silver nitrate solution that forms a silver mirror by precipitation of
elemental silver on the walls of the test tube upon heating in presence of aldehydes.
Ketones and carbonates do not give a positive result and hence this test was used to
confirm the presence of formate in the BE solution.
The Tollens’ reagent was prepared by adding a few drops of NaOH (CAS #131073-2) to AgNO3 (Sigma-Aldrich, Cat # 209139, ACS reagent, ≥ 99.0 %) solution in DI
water (Equation 3.2). The addition of NaOH causes Ag2O to precipitate out in the
solution as shown in Equation 3.3. Then, NH4OH (Sigma-Aldrich, Cat # 294993,
anhydrous, ≥ 99.98 %) was added until the precipitate disappeared. The clear solution is
known as Tollens’ reagent and the mechanism is shown in Equation 3.4.
AgNO3 + NaOH → AgOH + NHO3

(3.2)

2 AgOH → Ag 2 O + H2 O

(3.3)
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Ag2 O + 4NH3 + H2 O → 2Ag(NH3 )+
+ 2OH−
2

(3.4)

The Tollens’ reagent is added to the analyte and warmed in a hot water bath. In
presence of an aldehyde, the C-H group is oxidized, and silver is reduced. The resultant
oxidized aldehyde forms an intermediate subsequently forming carboxylate. The reduced
silver is deposited on the walls of the test-tube that shimmers like a mirror and hence the
name.88 The final reaction with aldehyde is shown in Equation 3.5. It must be noted that
formic acid is the only carboxylic acid that gives a positive Tollens’ test (Equation 3.6).87
HCHO + 2Ag + + 2OH − → HCOOH + 2Ag + H2 O

(3.5)

HCOOH + 2Ag + + 2OH − → 2Ag + CO2 + 2H2 O

(3.6)

Tollens’ test proved to be vital in confirming the presence of formate (or formic
acid) in the BE solution before a quantitative method could be developed. Qualitative
tests that are specific to an ERC product must be done before investing time on
quantitative analysis. To ensure that formate was not present before BE was performed, a
sample of BE solution with and without catalyst was tested and the results are shown in
the Figure 3.13 below.
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Figure 3.13

Tollens’ test negative results

To ensure that the silver mirror is not seen with compounds, Tollens’ test was performed
that there was no formate until BE was performed in presence of CO2.

Figure 3.14 shows a positive result of Tollens’ test seen for formate standard and
BE solutions. Once the test is performed, the test-tubes must be cleaned thoroughly. The
test tubes were soaked in soap water solution overnight and scrubbed clean and rinsed
multiple times. They were dried in the oven at 110 °C for 2 h before use. Each test tube
was labelled carefully. 0.5 mL test sample was added to 1 to 1.5 mL of Tollens’ reagent
and heated in a water-bath at 115 °C for 15-20 min. If any trace of silver mirror was still
visible on the sides or the cleaning was not optimal, the tube might give a false positive
test that would lead to confusing results. Tollens’ test was repeated at least three times
with each sample before reporting the results.
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Figure 3.14

Positive Tollens’ test of formate standard and BE samples

The positive Tollens’ test provides a conclusive result for the presence of a formate in the
solution.

The analysis of CO, H2, and formate quantitatively and converting the values into
Faradaic efficiencies was the scope of the current project. To calculate the FEs of CO and
H2, an Excel spreadsheet was created that would accept the GC reference gas values and
sample values as input and convert them to FEs. The following section will discuss the
FE calculation excel sheet and the formulas used to translate the analytical data into
meaningful data.
3.6

Faradaic Efficiency (FE) calculation
After the quantitative analysis is complete, the most important step is to calculate

the efficiency of the ERC process. Faradaic efficiency (f), also called Faradaic yield or
current efficiency or coulombic efficiency, is described as the efficiency of electron
transfer in an electrochemical process.89 The calculation of FEs is the most common way
to benchmark the performance of a CO2 reduction catalyst. However, the value obtained
is only applicable to the set of experimental conditions for that it was calculated. This
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section will discuss the FE calculation in a step by step manner. Once, the calculation is
explained, the FE excel worksheet will be presented as a quick solution to calculate FE.
3.6.1

CO and H2 FE calculation
The GC peak heights and peak areas are used to calculate the FEs for CO and H2.

To calculate the molar concentration of gases, present in the sample, a “calibration
factor” (CF) or “response factor” is used. The calibration or response factor is defined as
the ratio of response from the detector to the analyte concentration. It is obtained by
dividing the peak height or peak area with the molar concentration of the sample. The
equation for CF is shown in Equation 3.6. The steps to calculate the FEs are:
𝐶𝐹 =

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑟 𝑝𝑒𝑎𝑘 ℎ𝑒𝑖𝑔ℎ𝑡
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑖𝑜𝑛

(3.6)

1. The peaks for reference gas and the sample are integrated using the
PeakSimple software. After successful integration, open the results window
from the ‘View’ menu and copy the peak areas and peak heights for the
sample being processed.
2. For CO, 0.5 mL of 800 ppm calibration gas is injected into the sample.
Therefore, the peak area (or peak height) corresponds to the number of moles
present in the 0.5 mL of the sample. The steps to convert ppm to moles is
given in Scheme 3.10. To convert the ppm value of a gas mixture into moles
per liter, the ideal gas equation is used (Equation 3.7). According to this
equation, one mole of a gas (n = 1) at 273 K and 1 atmosphere pressure (P)
will occupy 22.4 L of gas. R is the universal gas constant whose value is
0.0821 L-atm mole−1K−1. The experiment is carried out at room temperature
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(25 °C) and therefore the volume is calculated to be 24.4 L (Equation 3.8).
Using this information, the ppm value can be converted to mg/L as shown in
Scheme 3.9.
𝑃𝑉 = 𝑛𝑅𝑇
𝑉=

Scheme 3.9

(1 𝑚𝑜𝑙𝑒)(0.0821 𝐿−𝑎𝑡𝑚 𝑚𝑜𝑙𝑒 −1 𝐾−1 )(298 K)
1 𝑎𝑡𝑚

(3.7)
= 24.4 𝐿

Flowchart showing steps to convert ppm to moles.

The flowchart lists the simplest method to convert a ppm concentration of any gas
(current method used values for CO) to moles.
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(3.8)

3. The H2 calibration, 46.8 mole% gas mix is used. 0.5 mL of H2 is injected
into the GC and the number of moles is calculated as per the steps outlined in
Scheme 3.10. It is a simple two-step process to convert the mole% of H2 to
moles/L at using the ideal gas equation.

o

Scheme 3.10 Flowchart showing steps to convert mole% to moles.
The flowchart lists the simplest method to convert a mole% concentration of any gas
(current method used values for H2) to moles.

4. Once the number of moles detected by GC are known, substitute the value
into “standard concentration” parameter box of Equation 3.6. The calibration
factor (CF) must be calculated before each analysis. This means that the H2
and CO gas standards must be analyzed before analyzing the sample. This
ensures that the peak area of the reference and standard account for the signal
drift of the detector from day to day runs.
5. The sample peak area and CF values once known can give the number of
moles in the 0.5 mL sample injected into the GC. Let’s call this value A0.5.
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6. Since a 25 mL volume electrolytic cell is being used with 5 mL solution in
it, the headspace is 21 mL (value confirmed by determining the volume water
in cell with all electrodes in place as they would be positioned in a BE run).
Multiply A0.5 with 21 to get the total number of moles of the gaseous product
(α). This value is substituted in Equation 3.8 to get the FE % value of the
process. The number of electrons (n) required to form CO and H2 from CO2
reduction is 2. The total amount of charge consumed (Q) in the BE process
can be obtained from the resultant data.
𝑛𝐹𝛼

𝐹𝐸 (%) = (

𝑄

) × 100 %

(3.9)

The FE values give an understanding of how efficiently the current was used by
measuring the amount of product formed. A 100 % FE means that all the current supplied
by the potentiostat was applied towards the electroreduction to form the product.
3.6.2

Formate FE calculation
The calculation of formate concentration can be done by using the equation for

the slope (m) of the UV-Vis calibration curve. The ratio of absorbance of the sample and
the slope give the value of concentration. Equation 3.9 shows the formula for calculation
of formate concentration. The BE formate sample dilution must be adjusted to report the
final value. Sometimes, more than one dilution is required based on the amount of
formate present in the sample.
𝑐𝑜𝑛𝑐. (𝑓𝑟𝑜𝑚 𝑔𝑟𝑎𝑝ℎ) =

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (𝑦 𝑣𝑎𝑙𝑢𝑒 𝑜𝑛 𝑡ℎ𝑒 𝑔𝑟𝑎𝑝ℎ)
𝑠𝑙𝑜𝑝𝑒 (𝑚)

(3.10)

Once the concentration is obtained, the FE for formate can be calculated using
Equation 3.8. The total of all the FEs for all BE products must be 100 %. A value lesser
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than 100 % indicates unaccounted products in the solution or inaccurate analysis. A value
greater than 100 % indicates analytical errors and must be reported with the error margins
in the analyses.
3.6.3

FE calculation excel workbook
A FE calculation workbook was created using MS-Excel to assist in the

calculations. The excel workbook consists of two excel sheets, one for calculating FE for
CO and the other for H2. The spreadsheets shown in Figures 3.15 and 3.16 correspond to
CO and H2 FE calculations. The boxes shaded in green represent the values that must be
given by the analyst. The CO spreadsheet calculates the FE for CO when the standard gas
concentration unit is ppm and for H2, the unit is mole%. The units can be easily edited by
modifying the formulas and this flexibility allows saving time during multiple runs.
As shown in both the figures, the boxes requiring user input are shaded green. The
user must enter the concentration of CO and H2 in ppm and mole% respectively in cell
C4. The sample volume in the syringe for each gas must be entered in cell C5. This is
followed by the GC data for the standards. The peak area and peak heights are to be
entered in C6 and C7 respectively. Entering these values will calculate the CF value for
the user.
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FE calculation for CO
INPUT values in colored boxes
Enter concentration in ppm
Enter sample volume in syringe
Enter the peak area for CO standard
Enter the peak height of CO standard

800
0.5
993
33.7

BE sample CO signal
Enter the peak area for the catalyst
Enter the peak height for the catalyst

135.8
5.3

Experiment information
Total coulombs of charge passed (Q)
Enter your catalyst name (optional)
Enter the BE time

UNITS
ppm
ml

35.4 Coulombs
Pt
pincer
90 minutes

Calculations
Molar mass of CO
28
g/mole
ppm to mg/L value
916.16
mg/L
mg/L to moles/L
0.03272
moles/L
moles in 0.5 mL sample
0.00001636
moles
CF for area
60696821.52
CF for height
2059902.2
Faraday (F)
96485
n (or alpha)
2
e ̅
Concentration of CO in 0.5 mL sample (AREA)
2.23735E-06
in 0.5ml sample
Total number of moles of product (m )
4.69843E-05 in 21 mL headspace
Faradaic efficiency per area calculation
25.612
%
Concentration of CO in 0.5 mL sample (HEIGHT) 2.57294E-06
in 0.5ml sample
Total number of moles of product (m )
5.40317E-05 in 21 mL headspace
Faradaic efficiency per height calculation
29.453
%

The FE for CO for Pt catalyst based on peak area is 25.61 % and peak height is 29.45 %

Figure 3.15

FE calculation spreadsheet for CO (Calibration gas unit is ppm)

The FE calculation worksheet for CO is shown. The green boxes require user input. The
red values are the final FEs with respect to the peak area and peak height.
FE calculation for H2
INPUT values in colored boxes

Calculations

Enter concentration in mole%
Enter sample volume in syringe
Enter the peak area for H 2 standard

46.8
0.1
3122

Enter the peak height of H 2 standard

113.8

BE sample H2 signal
Enter the peak area for the catalyst
Enter the peak height for the catalyst
Experiment information
Total coulombs of charge passed (Q)
Enter your catalyst name (optional)
Enter the BE time (optional)

mole %
ml

121
4

132.81 Coulombs
Pt
pincer
90 minutes

mole % to moles/L
moles in 0.1 mL sample

0.020892857
2.08929E-06

moles/L
moles

CF for area
CF for height
Faraday (F)
n (or alpha)
Concentration of H2 in 0.5 mL sample (AREA)
Total number of moles of product (m )
Faradaic efficiency per AREA calculation
Concentration of H2 in 0.5 mL sample (HEIGHT)
Total number of moles of product (m )
Faradaic efficiency per height calculation

1494290598
54468376.07
96485
2
e ̅
8.09749E-08 in 0.5 mL sample
1.70047E-06 in 21 mL headspace
0.247
%
7.34371E-08 in 0.5 mL sample
1.54218E-06 in 21 mL headspace
0.224
%

The FE for Hydrogen for Pt catalyst based on peak area is 00.25 % and based on peak height is 00.22 %

Figure 3.16

FE calculation spreadsheet for H2 (calibration gas unit is mole%)

The FE calculation worksheet for H2 is shown. The green boxes require user input. The
red values are the final FEs with respect to the peak area and peak height.

The next set of values come from the BE experiment and BE sample analysis for
both the products. The total coulombs of charge consumed during the BE experiment
must be entered in C14 in both the worksheets. The peak height and peak area from GC
run of 0.5 mL sample must be entered in cells C10 and C11 respectively. The last two set
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of values are the name of the catalyst and the total BE time. These values are optional and
can be left blank.
The remaining calculations are done automatically by preset formulas that are not
available for editing by the end-user. The FE values relative to peak area and peak height
are reported at the bottom of the worksheet. In the current study, all FEs are reported in
terms of areas. The area calculation is more accurate in the current analysis as there is no
overlap of peak and gives more reproducible results for standards and samples. Peak
height could be used as an alternate measurement in case of a noisy signal or poor
resolution in the chromatogram. These steps conclude the experimental analysis methods
and the results will be discussed in Chapter 4.
3.6.4

Solubility of CO and H2 in acetonitrile
In the current study, the H2 and CO are being evaluated in the headspace and the

formate is being analyzed from the solution. This is based on the solubility values of
these gases in acetonitrile. Lopez-Castillo et al.90 performed a study to evaluate the
solubility of pure CO in acetonitrile environment. According to them at 25 ℃ and 13.6
bar pressure, the vapor phase composition of CO in MeCN is 0.9545 mol/L and the
solution phase composition of CO is 0.0053 mol/L. At atmospheric pressure, the
solubility in acetonitrile will be decreased further based on the values mentioned here.
Based on this solubility data for CO, its concentration in the solution phase is negligible
in small scale experiments like the ones performed here. However, the error will increase
as the volume of the electrolytic solution is increased as the amount of gas present in the
solution will be considerably more. The hydrogen solubility is different from CO
solubility in acetonitrile. Brunner studied the solubility of H2 in acetonitrile at 298.15 K
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at different pressures.91 According to his data, H2 has “zero” solubility in acetonitrile at
0.01 MPa. At atmospheric pressure (0.101 MPa), the solubility of H2 in acetonitrile is
0.0216 mol/L.92 However, in the current study, the amount of H2 produced is very low
and therefore, the amount dissolved in the solution would be much lower. Therefore, it is
not critical in the current study to evaluate H2 and CO in the solution phases. However,
once a promising catalyst has been found, the gas analysis in the solution phase must be
included as a part of the calculated Faradaic efficiency.
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CHAPTER IV
RESULTS AND DISCUSSION
4.1

Introduction
The results of electrochemical reduction of CO2 (ERC) process are discussed in

the current chapter. The discussion starts with the experimental details of each solution
followed by their electrochemical results. The first set of results correspond to the
[Ni(cyclam)]2+ catalyst used as a reference to compare the new catalysts. The results
obtained from our study are compared with the literature data. This is followed by data
obtained for new catalysts. Additionally, all the FEs and TOFs are calculated and
reported to offer a comprehensive image of their efficiency. The chapter concludes with
the most important investigative results and explores the prospects of the current study.
4.2

Experimental details
All experiments used 18 MΩ-cm DI water, MeCN, DMF, or DMSO as solvents.

Solvents were dried with either 4 Å molecular sieves or neutral alumina. The molecular
sieves were oven dried for 24 h at 300 ℃ before use. The reference electrode (RE) in
aqueous environment is Ag/AgCl and in organic or mixed solvent systems is Ag/Ag+
electrode. All the potentials are reported versus the NHE by converting the potentials by
adding 0.2 V to the Ag/AgCl value or 0.54 V to the Ag/Ag+ value.1 Equations 4.1 and 4.2
show the conversion parameters.
NHE = Ag⁄AgCl + 0.2 V
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(4.1)

NHE = Ag⁄Ag + + 0.54 V

(4.2)

A 3 mm diam glassy-carbon (GC) disc electrode for cyclic voltammetry analysis and 1.6
cm2 glassy carbon for bulk electrolysis (BE) studies is used as WE. A Pt mesh electrode
in its own chamber was used as the counter electrode (CE). The supporting electrolyte
was TBAPF6 in polar solvents and KCl in aqueous solutions. The solutions contained 0.1
M of supporting electrolyte and 1 mM of the catalyst unless mentioned otherwise. A
Solartron 1287 A potentiostat was used for all electrochemical experiments and an SRI
8610C GC was used for chromatographic analysis. UV-Vis analysis was performed using
Shimadzu UV-2550 spectrophotometer.
4.3
4.3.1

Results and Discussion
[Ni(cyclam)]2+ in aqueous solution
Dr. Froelich et al.2 reported [Ni(cyclam)]2+ as a homogeneous catalyst for CO2

reduction. They evaluated the electrocatalytic activity by comparing the initial current
densities under argon and CO2 environments. A 1 mM [Ni(cyclam)]2+ solution was
prepared in 0.1 M KCl in water. The CVs obtained are shown in Figure 4.1 in Ar and
CO2 atmosphere with and without the catalyst. The CV obtained for blank (dotted line)
0.1 M KCl solution without catalyst under Ar serves as a baseline to confirm no side
reactions are responsible for the waves in the current experimental conditions. When the
catalyst is added in presence of Ar (solid line), there is a reversible Ni3+/2+ wave at 0.81
V. This Ni2+/3+ oxidative peak in the return scan is only noticeable when the cathodic scan
is stopped at −1.3 V. The Ni2+/+ peak is not seen under Ar because of the small solvent
window of GCE in water. In presence of CO2, two irreversible peaks appear at −1.28 V
and −1.62 V.
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Figure 4.1

CV of [Ni(cyclam)]2+ in 0.1 M KCl in water (literature data)

Reprinted with permission from Froehlich, J. D.; Kubiak, C. P., Homogeneous CO2
Reduction by Ni(cyclam) at a Glassy Carbon Electrode. Inorganic Chemistry 2012, 51
(7), 3932-3934. Copyright © 2012 American Chemical Society.

To validate the experimental work by Dr. Froelich, and to develop our
experimental procedure, their experiment was replicated in the current work. A CV
obtained under identical conditions is shown in Figure 4.2. The behavior in Ar and CO2 is
reproducible with and without the catalyst. Figure 4.3 shows the CV shown in 4.2
superimposed over the literature data.2 As seen in the figure, the data obtained in this
work closely follows literature data. The reversible Ni3+/2+ wave appears at 0.81 V in both
cases. In the current study, the two irreversible waves under CO2 atmosphere appear at
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−1.29 V and −1.54 V. This provides a confirmation of electrocatalytic activity of
[Ni(cyclam)]2+ catalyst synthesized in the lab.

Figure 4.2

CV of [Ni(cyclam)]2+ in 0.1 M KCl

The dotted line represents a blank reading of the electrolyte without catalyst under Ar, the
solid black line shows no catalytic activity in Ar atmosphere in presence of the catalyst
and the dashed line shows electrocatalytic reduction of CO2 by [Ni(cyclam)]2+.

Under Ar atmosphere, the cathodic scan was terminated at −1.3 V and hence the
Ni2+/+ seen in presence of CO2 does not have a non-catalytic current comparison
available. If Ni3+/2+ wave peak current is compared with the peak current of Ni2+/+ wave,
there is a five-fold increase seen suggesting a high catalytic activity.
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Figure 4.3

Comparison of our [Ni(cyclam)]2+ data (red) with literature data (black).

Adapted with permission from Froehlich, J. D.; Kubiak, C. P., Homogeneous CO2
Reduction by Ni(cyclam) at a Glassy Carbon Electrode. Inorganic Chemistry 2012, 51
(7), 3932-3934. Copyright © 2012 American Chemical Society.

4.3.2

[Ni(cyclam)]2+ in mixed solvent system
To compare the non-catalytic current densities in absence of CO2, it was essential

to improve the electrochemical window of the solvent. The introduction of acetonitrile as
a solvent can extend the electrochemical window and improve the probability of seeing
Ni2+/+ reduction wave under Ar atmosphere. To replicate the literature results, a mixed
solvent system consisting of 1:4 water/acetonitrile solvent mixture was used. A 1 mM
catalyst solution containing 0.08 M TBAPF6 in water/MeCN mixture in 1:4 ratio was
tested in argon and CO2 sparged solutions. Figure 4.2 shows the CV obtained in our lab.
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The CV shows the wave for Ni2+/+ reduction in presence of Ar at −1.23 V which is like
the literature value (−1.21 V). However, the CV obtained did not show a satisfactory
quasi-reversible single electron wave under Ar atmosphere. Initially, it was assumed that
insufficient polishing of the electrode might be the reason for the smaller current.
However, improving the polishing protocol and even switching to a new GCE electrode
did not change the CV.

Figure 4.4

Ni2+/+ wave in Ar and CO2 atmosphere in 1:4 water: MeCN mixture at GCE

The voltammogram shows the Ni2+/+ wave in water/MeCN solvent mixture. Although the
wave appears at −1.23 V, it does not resemble the quasi-reversible wave observed in the
literature data to current discussion.

To decrease the amount of water present in acetonitrile, it was dried either over 4
Å molecular sieves or over alumina. Both drying procedures did not change the shape of
the wave. Therefore, it was necessary to optimize the water/acetonitrile ratio to improve
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the current density. The following water/acetonitrile ratios were evaluated: 1:4 (20 %
water v/v), 1:5 (17 % water v/v) and 1:6 (14 % water v/v). The CV results under Ar
atmosphere with 1 mM catalyst in 0.08 M supporting electrolyte are shown in Figure 4.5.

Figure 4.5

CVs for Ni2+/+ wave in 1:4, 1:5 and 1:6 water: MeCN solvent.

Three water/MeCN ratios 1:4, 1:5 and 1:6 were tested to see a satisfactory quasireversible Ni2+/+ wave. As seen in the figure, the highest current density was obtained
with 1:5 ratio that was selected for future experiments.

Figure 4.5 shows that the highest current density is for the solution with 1:5
water/MeCN ratio. Moreover, the wave was reproducible at this ratio. Therefore, this
ratio of 1:5 water/MeCN was chosen for all [Ni(cyclam)]2+ evaluations.
To evaluate the electrocatalytic activity, the solution was degassed with CO2 and
the resultant CV is shown in Figure 4.6. Under CO2 atmosphere, the Ni2+/+ reduction
wave appears at −1.08 V. In our results, we see that the reduction potential is shifted 200
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mV positive compared to the literature data (−1.21 V in literature vs −1.08 V in our data).
The reduction in overpotential value is attributed to a more optimal water content.

Figure 4.6

CV of [Ni(cyclam)]2+ under Ar and CO2 atmosphere

The CV for 1 mM [Ni(cyclam)]2+ in 0.08 M TBAPF6 in 1:5 water/MeCN ration at GCE
is shown. The blue line shows the Ni2+/+ redox wave under argon and the red line shows
the wave under CO2 atmosphere.

A second reduction wave is seen under CO2 atmosphere at −1.49 V in the current
study. This wave is 120 mV more positive than the literature data.2 These small positive
shifts in the reduction potentials can result from the difference in solution composition
and experimental environment. The ratio of peak catalytic current density in CO2 was the
peak current density in Ar. This was comparable to the current density increase seen in
literature data.
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Bulk electrolysis (BE) for [Ni(cyclam)]2+ was performed in 5 mL of 0.1 M
TBAPF6 in 1:5 water/MeCN solvent mixture (17 % water v/v) with 1 mM catalyst
(Figure 4.7). The solution was first degassed with Ar to check for the Ni2+/+ redox couple
followed by CO2 sparging to saturate the solution with CO2. After CO2 sparging, the
electrolytic cell was sealed using rubber septa, electrical tape and parafilm. Figure 4.7
shows the electrolytic cell used in the current study. The levels of CE solution were
carefully matched with the solution level in the electrolytic cell.
To withdraw a headspace sample, the septum is detached, and the gas-tight
syringe is inserted immediately. A 0.5 mL sample volume is withdrawn, then the septa is
replaced while quickly deploying the syringe lock. The removal of septum causes the
headspace pressure to equilibrate with the atmospheric pressure allowing for direct
headspace volume interpretation. It must be noted that since the septum is removed
before sampling, only the first headspace sample is considered pristine and characteristic
of the headspace concentration. The analysis results show a decrease in headspace gas
concentrations in the second sample when compared to the first one. An ideal headspace
analysis would require the headspace gas analysis in-situ with a dedicated GC-TCD/FID
system connected with the sampling port of the electrolytic cell. Nonetheless, the first gas
sample obtained from the headspace is an accurate representation of the product
concentrations in the headspace. Therefore, for all the catalysts evaluated, the headspace
concentrations have been calculated based on the first gas sample withdrawn from the
electrolytic cell.
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Figure 4.7

Picture of ERC experiment set-up for BE.

The picture shows the sealed electrochemical cell with electrolytic solution and all the
electrodes. The catalytic solution shown in the figure is Fe-pincer complex. The
[Ni(cyclam)]2+ solution is colorless at the beginning of BE experiment.

During BE, the GC-FID/TCD is prepared for the incoming sample. The SRI GC
system needs typically 15-20 min to have the column and detectors at operational
settings. Before each sample analysis, a standard CO and H2 sample is injected to check
detector response. If the chromatogram shows a signal drift, a column bakeout is required
before re-running the samples. Sometimes, a lower signal may indicate a leak or low
carrier gas pressure. Proper cylinder gas pressure is confirmed, and a leak check
performed before each run. A standard is run after a sample analysis to verify lack of
detector signal drift.
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Figure 4.8 shows the chromatograms for CO and H2 standards and the BE results
obtained for 1:5 [Ni(cyclam)]2+ catalyst. The signal obtained from TCD detector
corresponds to H2 and is shown in Figure 4.8a and the FID detector signal for CO is
shown in 4.8b. The FID gain is set to “medium” during this run, which lowers the voltage
signal for the CO standard. This gain setting was used to accommodate the large CO2
signal (5000 mV) present in headspace.
BE was performed for 90 min at −1.66 V. The total charge passed during BE is
obtained from integrating the i-t curve. Here the charge was 338.78 C. Using this
information, the Faradaic efficiency (FE) for H2 production was 13 % and 59 % for CO,
which closely follows the literature values of 10 % and 60 % for H2 and CO
respectively.2 Table 4.1 shows the peak areas obtained in the chromatogram. The FE
excel spreadsheet is used to calculate the FE of the overall process and the values are
shown in Table 4.1 as well. By changing the BE time and the water/acetonitrile ratio, the
results from the literature study could be reproduced.
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Figure 4.8

Chromatograms showing H2 and CO standards along with 1:5
[Ni(cyclam)]2+ BE signal.

The figures show the sample and reference signals for H2 4.8a and CO 4.8b obtained for
1:5 [Ni(cyclam)]2+. The CO standard is 0.5 mL 800 ppm calibration gas and H2 standard
is 0.2 mL 46.8 % H2 gas mixture.

Table 4.1

GC data converted into FEs for H2 and CO standards and [Ni(cyclam)]2+
catalyst BE products

H2
46.80 % standard
BE with 1:5 Ni2+ catalyst
Literature value2

Volume (mL)
0.2
0.5

Peak area
247.26
662.22

FE (%)

CO
800 ppm standard
BE with 1:5 Ni2+ catalyst
Literature value2

Volume (mL)
0.5
0.5

Peak area
236.23
713.41

FE (%)

13
10

59.3
60

The GC data for H2 and CO standards and the samples are shown. The FE calculation is
performed using the data provided and a comparison with literature values is presented.
1:5 ratio indicates 17 % water and remaining MeCN volume ratio.
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4.3.3

Mechanism of ERC by [Ni(cyclam)]2+
The mechanism of ERC of CO2 by [Ni(cyclam)]2+ has been extensively studied

on mercury electrode.3 The mechanism outline in Scheme 4.1 illustrates the active role of
[Ni(cyclam)]+ species adsorbed on electrode surface, producing large catalytic currents.4
The evolution of CO proceeds via the formation of the intermediate complex,
[Ni(cyclam)(CO)]+. During BE, accumulation of CO retards the electrocatalytic ability of
the catalyst by forming an insoluble nickel(0) carbonyl species.5 The mechanism on GCE
is much different than that seen on a Hg electrode in two ways.6 Firstly, the adsorption of
the catalyst on the electrode surface causes a positive shift in the reduction potential by at
least 300 mV7 as compared to a 40 mV shift seen at GCE. The Hg electrode stabilizes the
adsorbed species thereby assisting in the formation of intermediates.8 Secondly, it has
been observed that the catalyst is deactivated in a homogeneous system after a while due
to the accumulation of CO6 that is not observed at Hg electrodes. This suggests that the
adsorption of the catalyst on the electrode surface could attenuate deactivation by
deterring CO binding. These observations confirm the mechanism of CO2 reduction at
GCE proceeds homogeneously.
Density function theory (DFT) was used to illustrate the homogeneous reduction
mechanism of [Ni(cyclam)]2+ to form CO selectively from CO2.9 According to Song et
al.,9 the first step in the reduction process is the formation of a CO2 adduct by an innersphere electron-transfer mechanism. This explains the lower potential required for CO2
reduction when compared to the potentials required for conversion of CO2 to CO2• ̄ .10-11
There are three known binding modes of CO2 with metals namely, η1-CO2, η1-OCO and
η2-CO2.12-15 Of these three, η1-CO2 and η2-CO2 are energetically favored complexes
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containing low-coordinate Ni center.16-17 Further studies established that the stability of
η1-CO2 adduct was much higher in comparison to η2-CO2.18-19 Collin et al.20 proposed
that η1-CO2 species accepts a proton and electron to form a carboxylate adduct. This
intermediate subsequently undergoes heterolytic bond cleavage to release free CO into
the solution. According to them, the η1-OCO complex was responsible to produce
formate by accepting a proton and an electron.
The DFT calculations by Song et al. confirmed the formation of CO via η1-CO2
intermediate to be energetically favorable by ≈14.0 kcal/mole relative to η1-OCO.9 Thus,
the formation of formate is blocked at the inception of the reduction process. This
clarifies the high discernment for CO production by [Ni(cyclam)]2+. The next steps occur
very rapidly, resembling a concerted mechanism. The η1-CO2 intermediate undergoes a
PCET (proton coupled electron transfer) reaction immediately followed by C-O bond
cleavage. In presence of H3O+ and other weak Brønsted acids, the reaction goes faster
and can be described as “concerted proton-electron transfer and C-O bond cleavage”. The
summary of reaction mechanism discussed here is shown in Scheme 4.1. The cyclam
ligand is denoted by L and the binding free energies are denoted by ΔG. The red arrow
suggests the concerted mechanism resulting in formation of CO. The potential (E)
required for PCET mechanism is 0.45 V. The low values indicate the effortlessness of the
reduction process suggesting a high probability that this reaction pathway is most
credible elucidation of the ERC process for [Ni(cyclam)]2+.
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Scheme 4.1

Reaction mechanism for ERC process of [Ni(cyclam)]2+

Reprinted with permission from Song, J.; Klein, E. L.; Neese, F.; Ye, S., The Mechanism
of Homogeneous CO2 Reduction by Ni(cyclam): Product Selectivity, Concerted Proton–
Electron Transfer and C–O Bond Cleavage. Inorganic Chemistry 2014, 53 (14), 75007507. Copyright © 2014 American Chemical Society. The scheme shows the
homogeneous reaction mechanism for [Ni(cyclam)]2+ involved in conversion of CO2 to
CO.

4.3.4

(BuCiCiCBu)Pt-Cl
Using the [Ni(cyclam)]2+ evaluation protocol, two NHC Pt pincer molecules and

one Fe pincer complex were evaluated. The BE solution of [Ni(cyclam)]2+ was not
evaluated for formate as its been established that formate is mainly formed in an aqueous
solution.21 The Pt pincer complex (BuCiCiCBu)Pt-Cl was evaluated for its CO2 reduction
capability. This Pt pincer is a yellow crystalline solid and has poor solubility in water and
MeCN, but good solubility in DMF and DMSO. Therefore, the Pt catalyst, hereby
referred to as “Pt-1” was tested in DMF and DMSO. The first set of experiments involve
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running a CV with DMF solvent to check for a catalytic current. Once the presence of
CO2 reduction reaction is confirmed, water optimization22 is carried out to determine the
optimal amount of water that can produce the highest current.
4.3.4.1

CV results before and after water optimization for Pt-1 complex in DMF
The first set of CVs were performed with 1 mM solution of Pt-1 complex in 0.1

M TBAPF6 in DMF without any added water at a 3 mm GCE. The DMF was dried over 4
Å molecular sieves. The Ag/Ag+ reference consisted of 0.01 M AgNO3 in 0.1 M TBAPF6
in DMF. The CV obtained for this solution is shown in Figure 4.9. The oxidation state of
Pt in the Pt-1 complex is +2, and in Ar sparged solution, the Pt2+/+ reduction wave is seen
at −0.75 V vs. NHE. The corresponding reduction wave under CO2 shifts positively by ≈
20 mV and shows a catalytic current indicating CO2 reduction activity.

Figure 4.9

Pt-1 complex data in DMF under Ar and CO2 environments

The figure shows the CVs obtained for 1 mM Pt-1 pincer complex in 0.1 M TBAPF6 in
DMF using Ag/Ag+ RE, Pt CE and 3 mm glassy carbon disk electrode.
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The previous solution was used as the starting material for water optimization
study. DI water was added using a micropipette in 50 µL increments to a CO2 sparged
solution of 1 mM Pt-1 complex and a CV was obtained to note any current
enhancements. Before obtaining a CV, the solution was sparged for 5 min with CO2. The
wait time between water addition and CV execution has a two-fold advantage. Firstly, the
CO2 sparging compensates any loss of CO2 during the addition of water into the
electrolytic cell. Secondly, the wait time serves as an activation period for the catalyst if
it requires one. Figure 4.10 consists of all the voltammograms obtained under CO2
atmosphere in DMF with and without water. As shown in the graph, adding 50 µL water
increases the catalytic current density for reduction to −0.172 mA/cm2 from −0.143
mA/cm2 seen in DMF without water. The resultant current densities due to addition of
water are shown in Table 4.2. The negative current density value indicates a reduction
current.
Table 4.2

Water optimization peak catalytic current density values for all DMF/H2O
solvent mixture

Solution composition
Peak current density (mA/cm2)
Ar + DMF (no water)
−6.92 × 10−2
CO2 + DMF (no water)
−1.43 × 10−1
CO2 + DMF + 50 µL H2O
−1.73 × 10−1
CO2 + DMF + 100 µL H2O
−1.00 × 10−1
CO2 + DMF + 150 µL H2O
−7.28 × 10−2
CO2 + DMF + 200 µL H2O
−7.20 × 10−2
CO2 + DMF + 250 µL H2O
−7.72 × 10−2
CO2 + DMF + 300 µL H2O
−7.61 × 10−2
CO2 + DMF + 350 µL H2O
−7.50 × 10−2
The table lists all the reduction current density values for Pt-1 catalyst under Ar and CO2
atmosphere with and without water for DMF solvent.
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Figure 4.10

Water optimization for Pt-1 catalyst in DMF under CO2 atmosphere

The voltammogram shows all the peak current density values upon addition of water to
DMF in CO2 atmosphere. The data under Ar atmosphere is not shown.
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Figure 4.11

Comparison of water optimization (DMF) results in CO2.

This voltammogram shows only the significant catalytic current density peaks. The
highest peak current is shown in purple representing 50 µL water in 5.05 mL total
solution volume. The result under Ar is shown as the dashed line to compare the response
under CO2 and Ar atmospheres.

Figure 4.11 shows the comparison of water optimization data in CO2 with Ar. As
shown in the graph, the catalytic current density value increases upon addition of 50 µL
water (i.e. 1 % v/v water:DMF). At 100 µL, the current density is lower than observed in
DMF without water. Further addition of water shows current density values close to that
under Ar atmosphere.
Figure 4.12 shows the CV of 1 mM Pt-1 pincer complex in 0.1 M TBAPF6 in
water/DMF mixed solvent (1 % water v/v) system. The reference electrode solution was
the same solvent. The CV obtained under Ar atmosphere shows the oxidation peak for
Pt+/2+ complex in the reverse scan at −0.43 V indicating a reversible redox process. In
presence of CO2, the reduction peak appears at −0.84 V showing a significant
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enhancement in the catalytic current density. The onset of reduction peak current under
CO2 atmosphere is 100 mV more positive than in Ar. The catalytic peak current density is
3.4 mA/cm2 when compared to the 2.2 mA/cm2 in Ar. Based on the CV, −1.06 V was
selected as the reduction potential for BE experiment. Performing BE at more negative
potential ensures that the catalyst is always present in its active form to assist CO2
reduction process.

Figure 4.12

CV of 1 mM Pt-1 catalyst in water/DMF solvent mixture in Ar and CO2

The CVs of 1 mM Pt-1 catalyst in 0.1 M TBAPF6 in water: DMF mixed solvent system
(water 1 % v/v) at GCE. The blue line represents Ar atmosphere and the red line
represents CO2 environment.
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4.3.4.2

Product analysis of Pt-1 catalyst BE solution in water/DMF
The BE experiment was run for 90 min. The total charge passed into the solution

after 90 min was 35.4 C. Following this, a 0.5 mL headspace sample was withdrawn
using a gastight syringe and immediately analyzed by GC for CO and H2. The headspace
sample was compared with H2 and CO standards and the chromatograms are shown in
Figure 4.13. Figure 4.13a shows 800 ppm CO standard run on the same day as the BE
sample with FID gain set to high. At this setting, an O2 peak is observed in the
chromatogram as it is present at 2 % concentration in the standard and is present in the
BE solution. No H2 in detected from the BE solution as seen in the chromatogram 4.13b.
The FE for CO and H2 are 26 % and 0 % respectively.

Figure 4.13

Chromatogram showing H2 and CO standards along with Pt-1 pincer
complex BE signal

The figures show the sample and reference signals for CO 4.13a and H2 4.13b obtained
for Pt-1 pincer complex. The CO standard is 0.5 mL 800 ppm calibration gas and H2
standard is 0.1 mL 46.80 % H2 gas mixture.
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Figure 4.14

UV-vis analysis results showing formate signals in DMF and MeCN

The figure shows the UV-vis analysis for formate in DMF and MeCN. The red line and
purple line represent the blank and 0.018 M formate in MeCN. The DMF absorbance
spectra is shown in lighter purple.

The formate analysis was attempted using UV-vis spectrophotometer. However,
as shown in Figure 4.14, the detector signal was saturated in presence of DMF. In MeCN,
a blank signal shows zero value throughout the wavelength scan. At 220 nm, the
concentrations adhere to the Beer-Lambert’s law and hence this wavelength was chosen
to report the concentrations. However, as shown in the graph 4.14, the detector
absorbance signal is saturated and unstable. Hence, the formate analysis could not be
performed using DMF.
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4.3.4.3

CV results before and after water optimization for Pt-1 complex in
DMSO
The low amount of CO in the headspace suggests the presence of other BE

products in the solution. Since formate analysis was unsuccessful in Pt-1 catalyst in
DMF, DMSO was used as a solvent. The CV obtained in DMSO with 0.1 M TBAPF6
without added water is shown in Figure 4.15. Under Ar, the first reduction wave occurs at
−0.84 V and the second occurs at −1.52 V vs. NHE. Under CO2 atmosphere, the current
density increases from 0.184 mA/cm2 to −0.244 mA/cm2 at −0.84 V. This corresponds to
the Pt2+/+ reduction wave seen in the Pt-1 catalyst in DMF. The onset of second reduction
wave in CO2 is at −1.52 V vs. NHE and the current density increase is 0.1 mA/cm2.

Figure 4.15

CV of Pt-1 catalyst in DMSO without water in Ar and CO2

The CV of 1 mM Pt-1 pincer complex in 0.1 M TBAPF6 in DMSO (no added water) at 3
mm glassy carbon disk electrode is shown. The blue line indicates Ar atmosphere and the
red line indicates the CO2 environment.
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Since a catalytic current density increase is observed in DMSO, a water
optimization study was performed. The resultant data is graphed in Figures 4.16 and 4.17.
DI water was added to CO2 sparged solution of 1 mM Pt-1 catalyst in DMSO in 50 µL
increments. Figure 4.16 shows the data only for the volumes that showed a significant
increase by addition of water. The largest volume of water added was 500 µL. However,
the data for 500 and 450 µL did not show a considerable change and hence only the data
for 450 µL is shown in Figure 4.16. The first reduction wave current density does not
increase significantly upon addition of water. Therefore, the second reduction wave
currents are used to optimize the water concentration. The second reduction wave is
magnified to show the current densities in Figure 4.17. The dashed line represents the
reduction current densities under Ar atmosphere. Since there was negligible current
density increase between 250 to 500, the lowest amount of water i.e. 250 µL for chosen
for further testing.
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Figure 4.16

Water optimization for Pt-1 catalyst under CO2 atmosphere

The CV shows all the peak current density values upon addition of water to DMSO in
CO2 atmosphere. The data under Ar atmosphere is not shown. The green arrow indicates
the onset of the reduction wave in DMSO without added water.
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Figure 4.17

Comparison of water optimization (DMSO) results in CO2 with Ar data

This voltmamogram shows only the significant catalytic current density peaks. The
highest peak current density is shown in purple representing 250 µL water in 5.25 mL
total solution

Table 4.3 shows all the peak current densities for all solvent mixtures under Ar
and CO2, with and without water. It can be deduced from the CV data that the lowest
amount of water leading to maximum current density increase is 250 µL that was used in
BE studies.
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Table 4.3

Water optimization peak catalytic current density values for all
DMSO/H2O solvent mixture

Peak current density (mA/cm2)
−0.84 V
−1.52 V
Ar + DMSO (no water)
0.183
0.171
CO2 + DMSO (no water)
0.249
0.246
CO2 + DMSO + 50 µL H2O
0.249
0.256
CO2 + DMSO + 100 µL H2O
0.249
0.269
CO2 + DMSO + 150 µL H2O
0.249
0.362
CO2 + DMSO + 200 µL H2O
0.226
0.382
CO2 + DMSO + 250 µL H2O
0.231
0.455
CO2 + DMSO + 300 µL H2O
0.232
0.450
CO2 + DMSO + 350 µL H2O
0.232
0.450
CO2 + DMSO + 400 µL H2O
0.231
0.438
CO2 + DMSO + 450 µL H2O
0.210
0.416
CO2 + DMSO + 500 µL H2O
0.212
0.432
The table lists all the reduction current density values for Pt-1 catalyst under Ar and CO2
atmosphere with and without water in DMSO solvent.
Solution composition

After optimizing the water content, 1 mM Pt catalyst solution was prepared in
water/DMSO solvent (5 % water v/v) with 0.1 M TBAPF6 as the supporting electrolyte.
Figure 4.18 shows the CVs obtained at larger BE electrode after water optimization under
Ar and CO2. The Ar CV is in blue and shows a clear Pt2+/+ reduction wave at −0.55 V.
The reverse oxidation wave is clearly seen at −0.36 V. The corresponding CO2 reduction
wave occurs 100 mV more positive than −0.55 V. In 5 % water in DMSO, a second
reduction wave is not clearly seen under Ar and under CO2. However, the current density
increases at −1.56 V. Based on this, −1.66 V was chosen as the potential for BE. As
mentioned already, selecting a potential more negative than the one seen on a CV ensures
the presence of the catalyst in a reduced state.
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Figure 4.18

CV of 1 mM Pt-1 catalyst in water/DMSO solvent mixture (5 % water v/v)
in Ar and CO2

The CVs of 1 mM Pt-1 catalyst in 0.1 M TBAPF6 in water: DMSO mixed solvent system
(water 5 % v/v) at a GCE. The blue line represents Ar atmosphere and the red line
represents CO2 environment.

4.3.4.4

Product analysis of BE solution of Pt-1 in water/DMSO solvent
The total charge consumed in during 90 min of BE was 27.134 C. The GC

standards were run the same day before running a 0.5 mL BE sample. The
chromatograms show very little CO production and no H2. The FE for CO was calculated
to be 10 %. The formate analysis could not be completed due to signal saturation as seen
before. Thus, the overall FE of CO of 10 % was the only result observed for Pt-1 pincer
complex. The only way to evaluate the catalyst at this point would be to use an alternate
instrument and method for examining various products in the solution. Since, this was
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outside the scope of present project goals, it was determined that a new Pt- pincer
molecule (Pt-2) with MeCN solubility would be required.
4.3.5

nhexCiCiCnhex

Pt pincer complex

A new Pt pincer complex (Pt-2) with a neo-hexyl (superscripted as nhex on the
carbon) side chain instead of a t-butyl group was evaluated. The counter ion was replaced
from the previous chloride with triflate. These changes increased MeCN solubility.
Scheme 4.2 illustrates the structure of neo-hexyl group. The ‘L’ indicates imidazole
nitrogen on the Pt-pincer ligand that connects to the neo-hexyl group. The structure of
triflate has already been described in chapter 3 (Figure 3.2).

Scheme 4.2

Structure of neo-hexyl side chain of Pt-2 pincer complex

The Pt-2 complex is homoleptic with Pt-1 complex with a new neo-hexyl side chain
shown in the scheme. L indicates the nitrogen on Pt-pincer complex.
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4.3.5.2

CV results before and after water optimization for Pt-2 complex in
MeCN
1 mM solution of Pt-2 catalyst was prepared in 0.1 M TBAPF6 in MeCN dried

over 4 Å molecular sieves. The redox behavior under Ar and CO2 is shown in Figure
4.19. In Ar degassed solutions, there are two reduction waves occurring at −0.56 V and
−1.72 V. The current densities at these potentials are −0.0125 and −0.141 mA/cm2
respectively. When CO2 is present, the first reduction wave at −0.49 V shows a catalytic
current density increase while the second wave is hard to decipher. The catalytic current
density increases at −0.49 V and at −1.72 V are 0.0472 mA/cm2 and 0.3 mA/cm2,
respectively. This data can be used to confirm the CO2 reduction ability of the Pt-2 pincer
complex. Due to the low catalytic current densities, the Ar CV data is difficult to read in
presence of CO2 CV. Therefore, the Ar graph is shown separately as an inset in Figure
4.19.
The confirmation of CO2 reduction potential led to water optimization studies for
Pt-2 complex. The data for water optimization experiments is shown divided into two
graphs and shown in Figure 4.20a and 4.20b. Figure 4.20a shows the data for CO2
degassed solutions containing 1 mM catalyst with 50 µl and 100 µL water. The increase
in current density from 50 to 100 µl is less than 10 µA/cm2. At 150 and 200 µL water
addition, the second reduction wave becomes irreversible and changes the solution
behavior. The comparison of CVs at 150 µl and 200 µL water content versus without
water is shown in Figure 4.20b. The waves intersect with each other at −1.56 V indicating
non-catalytic behavior of the electrolytic solution. Thus, even though the current density
is higher at −1.72 V, these solutions were removed from consideration and 50 µL water
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volume was selected as the optimal amount required to cause maximum enhancement in
the catalyst current densities.

Figure 4.19

CV of Pt-2 catalyst in MeCN without water in Ar and CO2

The CV of 1 mM Pt-2 pincer complex in 0.1 M TBAPF6 in MeCN (no added water) at 3
mm glassy carbon disk electrode is shown. The blue line indicates Ar atmosphere and the
red line indicates the CO2 environment. The inset shows the waves for Pt-2 under Ar.
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(a)

Figure 4.20

(b)

Water optimization data for Pt-2 catalyst in MeCN.

The CVs of water optimization for 1 mm Pt-2 catalyst in 0.1 M TBAPF6 in MeCN are
shown. Figure 4.20a shows usable data for determining the optimal water volume. Figure
4.20b shows the reverse scan crossing over the forward scan indicating undesirable
reaction.

1 mM Pt-2 catalyst solution was prepared in 0.1 M TBAPF6 in water/MeCN
solvent mixture (water 1 % v/v in MeCN) and the CVs after Ar and CO2 sparging are
shown in Figure 4.21. The first reduction wave corresponding to Pt2+/+ reduction appears
at −0.54 V in Ar and −0.44 V in CO2. The Pt2+/+ wave is reversible in Ar with the
oxidation wave at −0.44 V. The Pt+/2+ oxidation disappears under CO2 atmosphere. The
second reduction wave occurs at −1.79 V in Ar and is not seen under CO2 atmosphere.
However, a corresponding catalytic current density increase is apparent as seen in the
voltammogram. BE was performed using the larger BE GCE for 90 min at both
potentials.
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Figure 4.21

CV of Pt-2 in water/MeCN mixed solvent under Ar and CO2

The CVs of 1 mM Pt-2 catalyst in 0.1 M TBAPF6 in water: DMSO mixed solvent system
(water 1 % v/v) at larger GCE. The blue line represents Ar atmosphere and the red line
represents CO2 environment.

4.3.5.3

Product analysis of BE solution of Pt-2 in water/MeCN solvent
BE for 90 min at two potentials, −0.70 V and −1.91 V, corresponding to the CV

reduction waves. These potentials are 150-200 mV more negative than the actual values
to ensure catalysis conditions. The chromatograms for H2 and CO along with their
standards are shown in Figures 4.22 and 4.23 respectively. Both BE samples are plotted
using the same standard even though the experiments were analyzed on different days.
The standard graphs were reproducible for both CO and H2 that allows a comparison at
both potentials using the same standard. The H2 wave at −0.70 V (green line on the
chromatogram) is minuscule, translating into an FE of 0.7 %. At −1.91 V (purple line on
the chromatogram), there was no H2 wave.
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Figure 4.22

Chromatogram showing H2 with Pt-2 BE results at low and high E.

The figure shows the sample and reference signals for H2 obtained for Pt-2 pincer
complex. The H2 standard is 0.1 mL 46.80 % H2 gas mixture. The green line indicates BE
sample at −0.70 V and purple indicates BE sample at −1.91 V vs. NHE.

CO analysis using FID detector with methanizer showed a good signal at both
potentials. The total charge at −0.70 V was 26.4 C and the FE for CO was calculated to
be 33.4 %. At −1.91 V, the total charge is much higher at 183 C. The FE calculated at
−1.91 V is 22.3 %. The chromatogram showing the CO peaks is shown in Figure 4.23. It
is essential to understand that although the CO peak height (purple wave) for −1.91 V is
much higher than the peak height at −0.70 V (green wave), the higher charge used at high
E value converts to a lower FE value. A higher charge indicates a higher current density
value during electrocatalysis. This means higher amount of product must be obtained if
the process is efficient. At −1.91 V, the charge used is 183 C and the current density is
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0.64 mA/cm2. At low E, the current density is lower i.e. 0.09 mA/cm2. An efficient
process must use the high current density to convert the reactants into products.

Figure 4.23

Chromatogram showing CO standards along with Pt-2 BE results at low
and high E

The figure shows the sample and reference signals for CO obtained for Pt-2 pincer
complex. The CO standard is 0.5 mL 800 ppm calibration gas. The green line indicates B
sample at −0.70 V and purple indicates BE sample at −1.91 V vs. NHE.

A formate analysis was performed for both BE solutions. Calibration data for UVVis absorbance spectra for concentrations between 0.00625 M to 0.1 M are shown in
Figure 4.24. The concentrations and absorbance show a linear relationship for up to 0.2
M with an R2 value of 0.999. The straight-line equation is used to convert the absorbance
values to concentrations. At 0.2 M concentration the absorbance values are close to
saturation near 210 nm. Therefore, the plot shown in 4.24 does not contain 0.2 M
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concentration. Nonetheless, the absorbance value at 220 nm was reproducible and it was
used to fit the data to calculate R-squared value.

Figure 4.24

UV-vis absorbance spectra for formate standards

The UV-visible absorbance spectra for formate standard in water/MeCN solution mix are
shown in the figure. The lowest concentration measure is 0.00625 M and the highest
concentration that shows a linear relationship is 0.2 M (not shown in the figure).

The BE samples were diluted until a clear solution was obtained. 3 mL of the
diluted this solution was analyzed at 220 nm. The dilution was to ensure the spectra was
within the linear range of concentration. Final concentrations reported account for the
dilution. The FE values for formate at −0.70 V and −1.91 V are 46 % and 12 %
respectively. After CO, H2, and formate analysis, only 80.3 % of the total amount of
products produced by BE with the Pt-2 catalyst at −0.70 V are accounted for. At −1.91 V,
only 34.3 % of the total charge. This means that additional useful products may be
present in the solution. To account for 100 % of the charge passed, the solution must be
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analyzed for all possible products. The scope of current study is limited to the analysis of
H2, CO, and formate for Pt and Fe pincer complexes.
4.3.6

(BuCiCiCBu)(bpy)Fe(Cl)BPh4 pincer
The structure of the FE pincer complex, (BuCiCiCBu)(bpy)Fe(Cl)BPh4 has been

discussed in chapter 3. The Fe metal center is present in +3 oxidation state. The complex
exhibits good solubility in MeCN and is a reddish brown solid at room temperature. The
protocol for analyzing the Fe complex is the same as for the [Ni(cyclam)]2+ and Pt
catalysts. The results from CV analysis and BE are discussed below.
4.3.6.1

CV results before and after water optimization for Fe complex in MeCN
1 mM Fe pincer complex was dissolved in 0.1 M TBAPF6 in MeCN without any

added water. The MeCN was dried over 4 Å molecular sieves before using in the
experiment. The CVs under Ar and CO2 are shown in Figure 4.25. Under Ar, there are
two waves, the first one at −0.26 V and a second reversible wave at −1.65 V. The first
wave shows its corresponding oxidation wave at 0.21 V. Under CO2, the first wave
potential coincides with the wave potential of Ar. There is no current increase at this
wave. The onset of second reduction wave is at −1.30 V, which is 200 mV more positive
in comparison to the onset than wave under Ar. The current increase at this potential
indicates a catalytic activity corresponding to CO2 reduction. The current density is
doubled from 0.36 mA/cm2 under Ar to 0.79 mA/cm2 under CO2 atmosphere. The wave
at 0.21 V may represent Fe3+/2+ reduction and the wave at −1.6 V may represent Fe2+/+
reduction based on the voltammograms.23
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Figure 4.25

CV of Fe catalyst in MeCN without water in Ar and CO2

The CV of 1 mM Fe pincer complex in 0.1 M TBAPF6 in MeCN (no added water). The
blue line indicates an Ar atmosphere and the red line indicates a CO2 environment.

The data for water optimization is shown in Figure 4.26 and the peak cathodic
current density values for Fe2+/+ reduction wave in CO2 are listed in Table 4.4. DI water
was added in 50 µL increments and the CVs obtained after a 5 min sparging. Although
every water addition increased current density, the graph in Figure 4.26 shows data for
100 µL increments to promote readability. After 400 µL water addition, there was no
increase in current density. At 500 µL, the lowering of catalyst concentration with
dilutions offset the effects of increased water. Therefore, the water optimization
experiment was terminated at 500 µL volume addition. The highest current density at 400
µL addition of water was 0.1 mA/cm2, which is three times higher than the current
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density obtained under Ar. All the current density values under Ar and CO2 atmospheres
with and without added water are listed in Table 4.4.

Figure 4.26

Water optimization for Fe-pincer in MeCN under CO2 atmosphere

The CV shows all the peak current density values upon addition of water to MeCN in
CO2 atmosphere. The data under Ar atmosphere is not shown. The red line is the data for
MeCN without water and the purple line indicates the highest current density increase.
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Table 4.4

Water optimization peak catalytic current density values for Fe-pincer
complex in MeCN/water solvent mixture.
Solution composition

Peak current density
(mA/cm2)
Ar + MeCN (no water)
−0.360
CO2 + MeCN (no water)
−0.770
CO2 + MeCN + 50 µL H2O
−0.836
CO2 + MeCN + 100 µL H2O
−0.851
CO2 + MeCN + 150 µL H2O
−0.906
CO2 + MeCN + 200 µL H2O
−0.950
CO2 + MeCN + 250 µL H2O
−0.953
CO2 + MeCN + 300 µL H2O
−0.984
CO2 + MeCN + 350 µL H2O
−0.991
CO2 + MeCN + 400 µL H2O
−0.102
CO2 + MeCN + 450 µL H2O
−0.102
CO2 + MeCN + 500 µL H2O
−0.102
The table lists all the reduction current density values for Fe-pincer catalyst under Ar and
CO2 atmosphere with and without water in MeCN solvent.
CVs at 100 mV/s were obtained for 1 mM catalyst in the optimized water/MeCN
solvent mixture (8 % water v/v) in 0.1 M TBAPF6 at BE glassy carbon electrode (Figure
4.27). They indicate a catalytic current increase at the second redox wave. An interesting
feature of the CV is that, after adding water, the first redox wave at −0.21 V appears more
quasi-reversible in nature and the second wave at −1.47 V disappears. Under CO2, the
maximum catalytic current increase is at −1.26 V and therefore the BE potential was
chosen −1.46 V to ensure reduction.
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Figure 4.27

CV of Fe-complex in water/MeCN solvent mix under Ar and CO2

The CV of 1 mM Fe pincer complex in 0.1 M TBAPF6 in MeCN/water (8 % v/v water
added) at 1.6 cm2 glassy carbon disk electrode is shown. The blue line indicates Ar
atmosphere and the red line indicates the CO2 environment.

4.3.6.2

Product analysis of BE solution of Fe-pincer in water/MeCN solvent
BE was performed for 90 min at −1.46 V and the products were analyzed for CO,

H2, and formate. The total charge passed during BE was 132.81 C. After BE, a 0.5 mL
headspace sample was analyzed using GC. The CO and H2 standards were run the same
day and the data obtained for CO and H2 are shown in Figure 4.28. The dashed line
represents the standards and the solid line represents the BE sample. The CO calibration
gas has a small amount of oxygen present seen as a peak before CO. The O2 peak of the
BE sample is much larger indicating a side reaction. The H2 standard gas contains CO
and N2 and the two peaks appear after H2. When Ar is used as a carrier gas, CO has lower
resolution and O2 and N2 elute together. Therefore, the peak from the standard could be
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attributed to nitrogen and the peak from the sample could be attributed to oxygen since it
appears in the FID signal as well. All the peaks were integrated, and their areas were
calculated using the PeakSimple software. The FEs based on the peak areas was
calculated to be 61 % for CO and 0.2 % for H2.

Figure 4.28

Chromatogram showing CO and H2 standards along with Fe-complex BE
signal.

The figures show the sample and reference signals for CO 4.28a and H2 4.28b obtained
for Fe-pincer complex. The CO standard is 0.5 mL 800 ppm calibration gas and H2
standard is 0.1 mL 46.80 % H2 gas mixtures.

The BE solution was analyzed by UV-Vis for formate after diluting 0.5 mL of
sample with water to remove iron and supporting electrolyte. The final solution was
evaluated at 220 nm wavelength and the FE was calculated to be 27.8 % for formate. The
total amount of products accounted for adds to 89 %. It means that 89 % of the current
passed was used to form the products described here. The remaining 11 % must be passed
in reactions or to form of other products that were not detected in this work. Nonetheless,
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Fe-complex proved to be an economical and efficient alternative when compared with the
Pt-pincer complex.
4.3.7

Comparison of catalytic performance of Pt and Fe catalysts with
[Ni(cyclam)]2+
Even though CO2 reduction research has been gaining more importance in the

scientific community, there is no standard way to benchmark their performance24.
However, several features of catalysts and their performance could be used in unison to
award merit to them. This section will compare the performance of all the catalysts
evaluated to this point using Faradaic efficiencies, overpotential and current density,
turnover number (TON) and turnover frequency (TOF).
It is essential to reiterate that only evaluation of catalyst under identical conditions
i.e. supporting electrolyte, solvent, electrolysis time will be used. Although the solubility
of CO2 is higher25 in organic solvents (0.28 M saturation concentration in MeCN, 0.2 M
in DMF26) when compared with aqueous solutions (0.04 M saturation concentration in
water),26 the presence of a water/organic solvent mixture complicates the solubility data
further.27 Moreover, different solvents favor28 different products formation that could
confound comparison of catalysts. Therefore, Pt-1 catalyst evaluate in DMF and DMSO
will not be evaluated using the benchmarking parameters. The Ni, Pt and Fe complexes in
water/MeCN mixtures will be assessed for their efficiency.
4.3.7.1

Faradaic Efficiency (FE)
The Faradaic efficiencies of all the complexes for CO, H2, and formate are listed

in Table 4.5 along with their current densities during BE, the percentage of water in the
electrolytic solution and the potential used for BE. The values of literature data for
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[Ni(cyclam)]2+ are not included because they have already been corroborated while
defining the CO2 reduction protocol. The FEs for CO are highest for Fe-pincer complex
and the FE for formate is highest for Pt-2 pincer complex. It is also interesting to note
that Pt-2 showed current increase at both potentials exhibiting [Ni(cyclam)]2+ like
reduction behavior. The total FE values indicate the amount of current efficiency that has
been accounted for by the products. The highest accountability was for Fe-pincer
complex with 89 % of the products being CO and formate. This also means that Fe-pincer
complex could be optimized further to produce only CO by decreasing the water content
of the solvent.
Table 4.5
Complex

Comparison of FEs of Ni, Pt-2 and Fe complexes
Faradaic Efficiencies (FE) %
CO

H2

Formate

Total

E (V vs.
NHE)

Water
(% v/v)

Current
density
(mA/cm2)

Ni

59.3

13

na

72.3

−1.66

17

1.11

Pt-2

33.4

0

46

79.4

−0.70

1

0.09

Pt-2

22.3

0.7

12

35

−1.91

1

0.64

Fe

61

0.2

27.8

89

−1.46

8

0.46

The table lists the FEs for all analyzed products for 1 mM solutions in 0.1 M TBAPF6 in
water/MeCN mixtures at 1.6 cm2 glassy carbon plate electrode. The [Ni(cyclam)]2+
solution was (na) not analyzed for formate since it was used when defining the ERC
process for novel catalysts.
Another important aspect of a catalytic reaction is the relationship between
current density and the amount of product formed. To compare processes using different
electrodes, the current is divided by the respective electrode areas to obtain current
density (j) for a process. The current density values can be used to calculate the rate of a
reaction for the formation of a specific product by using Equation 4.3.29 n represents the
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number of electrons exchanged at the electrode surface to form one mole of the product
and F is the Faraday constant (96,485 C mol−1). Since F is a constant and n remains the
same for a single product, the rates of formation of the product can be directly compared
to their current densities.
𝑅𝑎𝑡𝑒 (𝑚𝑜𝑙𝑒 𝑠𝑒𝑐 −1 𝑐𝑚−2 ) =

𝑗
𝑛𝐹

(4.3)

A higher current density is a desirable characteristic of a catalyst. However, only
using a higher current density parameter can be misleading as the current data suggest.
For CO formation, the highest rate is seen for [Ni(cyclam)]2+ catalyst. Amongst the novel
catalysts, the Pt-2 complex shows the highest rate at −1.91 V for CO and formate. At this
point, the current density value can only suggest that the product formation in Pt-2
catalyst at −1.91 V is a faster reaction when compared with Fe-pincer complex.
4.3.7.2

Overpotential (η)

The overpotential of a process is described as the difference between the applied
electrode potential (Eapplied) and its thermodynamic potential value (E0) (Equation 4.4).27
𝜂 = 𝐸 0 − 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑

(4.4)

It is the additional energy required to drive the reaction to occur. One of the biggest
challenges of the ERC process is to lower the overpotential without compromising the
reaction rate. The thermodynamic potential of CO2 reduction to CO in acetonitrile solvent
is −0.65 V.1, 26, 30 To calculate the applied potential values, the procedure described by
Appel and Helm31 will be used.
In heterogeneous catalysis, Tafel plots could be used to relate overpotentials and
catalytic currents.32 However, associating the performance of a molecular catalyst’s rate
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to its overpotential is not intuitive. The catalytic activity of the catalyst begins at the onset
potential (the foot of the catalytic wave) and extends up to the peak of the
voltammogram. To determine the applied potential value for a molecular catalyst, a
potential (Eapplied or Ecat/2) corresponding to the half of the catalytic current wave is
chosen. In other words, the half-way point of the catalytic current value corresponds to
the steepest part of the wave. This potential at this mid-way point is chosen for
comparison to the thermodynamic potential of the reaction. The process is elucidated in
figure reproduced from the literature article by Appel and Helm.31 The CV in black
shows the catalytic current in the presence of 0.26 M DMF and 0.26 M [(DMF)H]+ in 1
mM Ni(PPh2NPh2)2(BF4)233 in a 0.2 M TBAPF6 solution in MeCN at 50 mV/s scan rate at
1 mm diameter GCE. This is a typical example of non-ideal catalytic wave that is seen
during a CO2 reduction process. The graph demonstrates two different ways of
determining the Ecat/2 value based on two different icat values. Using the halfway point to
determine the applied potential gives higher precision for the overpotential calculation.34
The applied potential is represented as Ecat/2 in Figure 4.29. The E0 value for CO2
reduction to CO is −0.65 V vs NHE.26
Using this technique, the applied potential values for all catalysts were calculated
and are listed in Table 4.6. Pt-2 catalyst reduction at −0.70 V is the only one with an
overpotential lower than the standard reduction potential of CO2. Although the catalyst is
highly desirable at this potential, the rate of the reaction is the lowest as indicated by
lowest current density value. For the process to be effective, this tradeoff between
reaction rate and overpotential must be addressed. The Pt-2 catalyst evaluated at −1.91 V
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vs. NHE has the highest overpotential value at 1 V. Despite the high overpotential, the
rate is much lower than expected. This suggests that the process is not practicable.

E0

Overpotential

Figure 4.29

Calculating the Ecat/2 value to determine overpotential of a process

Reprinted with permission from Appel, A. M.; Helm, M. L., Determining the
Overpotential for a Molecular Electrocatalyst. ACS Catalysis 2014, 4 (2), 630-633.
Copyright © 2014 American Chemical Society. The graph shows an experimental cyclic
voltammogram illustrating two different ways to determine the overpotential using the
Ecat/2 value.
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Table listing all the overpotentials using E0 and Ecat/2 values

Table 4.6

Eapplied (V)

Water (% v/v)

Ecat/2 (V)

η
(overpotential,
mV)

Ni

−1.66

17

−1.46

810

1.11

Pt-2

−0.70

1

−0.54

0

0.09

Pt-2

−1.91

1

−1.65

1000

0.64

Fe

−1.46

8

−1.36

710

0.46

Complex

Current
density
(mA/cm2)

E0 = −0.65 V vs NHE26
The table lists all the overpotentials calculated based on Ecat/2 value obtained from Appel
and Helm calculation. As can be seen, the Ecat/2 is not much different than the Eapplied.
The Fe-pincer complex and [Ni(cyclam)]2+ have similar overpotential values (710
and 810 mV respectively). However, the rate is much higher for [Ni(cyclam)]2+ than for
the Fe-pincer complex. As seen from the data, a high overpotential does not necessarily
mean a high reaction rate. An ideal catalyst will have the lowest overpotential achievable
with a moderately high current density. The overall data suggest [Ni(cyclam)]2+ to be the
best catalyst tested. Amongst the new catalysts, the Fe-pincer complex exhibits a
moderate overpotential and a moderate current density and shows promise for further
optimization for ERC process. Based on the overpotential and current density data, the
Fe- complex shows a performance comparable to [Ni(cyclam)]2+ and typifies as an
economical and feasible catalyst for development.
4.3.7.3

Turnover number (TON) and turnover frequency (TOF)
The TOF22, 35-37 and TON are used to characterize the activity of a molecular

catalyst. The TON is a straightforward number obtained by dividing the moles of the
product produced during catalysis with the moles of the catalyst present in the solution.
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The TON and TOF are specific to the catalyst for the product formed under the
conditions outlined in the experimental procedure.
The TON values were calculated for CO, H2, and formate for all catalysts, and
these are enumerated in Table 4.7. The TON of a specific product is calculated by
dividing the moles of the product with the total number of moles of the catalyst present in
the solution. This means that the TON value focuses on the reactants and the products
involved in the reaction and does not efficiently describe the catalyst itself.38 The TON
for [Ni(cyclam)]2+ for 90 min BE was found to be 1.It is lower than the TON seen in the
literature data. In Dr. Froelich’s experiment, the TON was measured by performing a BE
experiment for 3.5 h using a carbon rod as a working electrode. The TON was calculated
to be 4 based on this experiment.2 Since the current work compared the new catalysts
with [Ni(cyclam)]2+, it was observed that the catalytic turnover for CO was lower for all
new catalysts. There was no comparison data available for formate for [Ni(cyclam)]2+.
Amongst the two catalysts, the Fe-pincer shows the highest TON for formate production.
Once again, based on TON, the Fe-pincer shows the best capacity for further
optimization and development.
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Table 4.7

Table listing the turnover numbers (TON) of all catalysts

Complex

Moles of product
CO

H2

Ni

1.04 × 10−3

2.35 × 10−4

Pt-2 (−0.7)

4.62 × 10−5

Pt-2 (−1.91)
Fe

TON
HCOO−

HCOO ̅

CO

H2

na

1.038

0.235

na

1.08 × 10−6

6.27 × 10−3

0.046

0.001

6.265

2.12 × 10−4

2.29 × 10−7

1.16 × 10−2

0.212

0.000

11.552

4.21 × 10−4

1.84 × 10−6

2.11 × 10−2

0.421

0.002

21.065

The table lists the TON values based on the moles of the product formed for each
catalyst. The Ni-complex was not analyzed for formate and therefore, an ‘na’ is placed in
the corresponding cell.
The encyclopedia of catalysis named “Catalysis A to Z” defines TON as the
maximum use of the catalyst that can be made before it is deactivated. This means that to
accurately predict the TON value, the experiment must be performed until the catalyst is
deactivated completely. This also means that the reaction vessel cannot be allowed to run
out of substrate at any point during the experiment. In theory, if the catalyst is being
regenerated after formation of the product, its lifetime would be infinity. Therefore, an
accurate estimation of TON will not be possible. Moreover, depending on the application,
TON number of 100 to 105 are acceptable. Moreover, the dependency of TON on the
concentration of the substrate and temperature dissuades its use to describe a kinetic
quantity.39 Thus, TOF is more frequently used in ERC processes to define the
performance of a catalyst.40-44
Since the TON value calculation is a thorny business,38 TOF calculations are
made for ERC catalysts. Boudart45 described TOF as “the number of reactant molecules
converted to product per minute per active site of the catalyst under specified reaction
conditions.” The problem with this definition is that it takes the focus away from the
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catalyst and directs it towards the reactant and the products.38 Therefore, Kozuch et al.38
redefined the term, and Smeija et al.22 offered a formula to calculate the TOF. According
to them, this calculation yields results comparable to the TOF calculation given by
Savéant et al.35 The formula written in Equation 4.5 was used to calculate the TOF of the
processes involved. When defining ERC processes, the terms TOF and “catalytic
constant” (kcat) are used interchangeably.43, 46-47
𝑇𝑂𝐹 = 𝑘𝑐𝑎𝑡 [𝐶𝑂2 ] =

3
𝐹𝑣𝑛𝑝

𝑅𝑇

2
0.4463 2 𝑖𝑐𝑎𝑡

(

𝑛𝑐𝑎𝑡

) (

𝑖𝑝

)

(4.5)

The equation derivation and the terms have been defined in chapter 1. A short
description of the terms and their values are given in Table 4.8. The peak and catalytic
currents of each individual catalyst with their final TOF values are presented in Table 4.9.
The TOF obtained for [Ni(cyclam)]2+ according to the literature article was 90 s−1 based
on the Savéant method.2 However, when the value was recalculate using Smeija et al.’s
method,22 the TOF value of 5 s−1 was obtained.37 This clearly suggests that the method of
calculation can impact the value and hence one must specify the formula being used to
calculate TOF numbers. It must be reiterated that the conditions of electrolysis will
impact the TOF values. All the TOFs calculated here are under the presence of the water
optimized ratio of water/MeCN solvent mixtures.
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Table 4.8
Terms

Description and value of terms in TOF equation
Value

Description
−1

38.92 V
Constant at 298.15 K (25 ℃)
−1
0.1 Vs
Scan rate
1 # of e ̄ in peak in absence of CO2
2 for CO, H2, and # of e ̄ in catalytic transformation of CO2 to
HCOO− product
icat
Amperes (A) Catalytic current
ip
Amperes (A) Peak current in absence of catalysis
The table describes all the terms that have been used in Equation 4.5. All the units have
also been given. The unit for TOF is s-1 that can be easily deduced from the table. The
terms F, R and T are Faraday’s constant, universal gas constant and temperature.
F/RT
v
np
ncat

Table 4.9
Complex

The TOF values of all catalyst discussed in the present study
E (V )

Water (% v/v)

icat (A)

ip (A)

TOF (s−1)

−1.66
17 1.30 × 10−3 5.34 × 10−4
Ni
1.15
−4
−4
−0.70
1 3.50 × 10
2.59 × 10
Pt-2
0.35
−3
−3
−1.91
1 1.29 × 10
1.03 × 10
Pt-2
0.30
−3
−4
−1.46
8 1.27 × 10
8.90 × 10
Fe
0.40
The TOF values of all the complexes tested have been calculated using the peak currents
and catalytic currents obtained in presence of water/MeCN solvent. The final TOFs
calculated are applicable only under the current experimental conditions.
The best TOF value is obtained for the [Ni(cyclam)]2+ catalyst, indicating that it is
the most active catalyst of the lot. The second highest TOF value is obtained for Fepincer complex, suggesting that further optimization of the complex can generate a
catalyst comparable to [Ni(cyclam)]2+. The Pt complex is the most expensive catalyst in
the current study. However, the high cost is not justifiable since the TOFs obtained are
lower than Fe-pincer complex at both potentials. Based on the TOF values, the Fe-pincer
complex proves to be a better option than the Pt-2 pincer complex.
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A comparison of the TOF’s of the catalysts presented here cannot be made with
the catalysts discussed in the literature because the experimental conditions have been
optimized for the current study. The change in the concentration of protic additive in the
[Ni(cyclam)]2+ in the present study makes assessment with literature results problematic.
This issue reiterates the importance of a benchmarking procedure for catalysts that can
make comparing them easier. The idea of re-testing an established catalyst under the
novel catalyst testing environment as done in the present study offers an alternative to
standard benchmarking process.
4.4

Conclusion and Future prospects
The current project evaluated two novel catalysts: the first one is an expensive Pt-

based pincer complex and the second one a more economical Fe-complex. The FEs,
current densities, overpotentials, TON, and TOFs of these catalysts were calculated and
compared. A trusted, well-known standard, [Ni(cyclam)]2+, was used to evaluate the
performance of the new catalysts. A reproducible and reliable method was developed for
all the testing stages involved in the assessment process. A workflow was developed that
can be implemented immediately to test a novel catalyst and compare it against the
standard data.
The [Ni(cyclam)]2+ standard had the best overall performance in comparison to
the novel catalysts evaluated. The overall goal of ERC catalyst assessment of current
research arena is to develop catalysts that have better performance than the existing
standards like Ni. A desirable catalyst will have low overpotentials for ERC, a high
current density, highly selective for a specific product (high FE for one product), and
high TOF. Of the two catalysts tested in the project, the Fe-pincer complex has a higher
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potential to evolve into a successful ERC catalyst. The complex had moderate
overpotentials (710 mV) and current densities (0.46 mA/cm2) under the experimental
conditions defined here. Another significant characteristic of the Fe complex was that its
TOF was higher than Pt-2 complex at both potentials. This means that the catalytic
activity of Fe-complex was higher in the solution when compared with the Pt-2 complex.
To develop a sustainable ERC process, the cost of the process must be evaluated. The
current method development process has been carefully construed to minimize costs of
materials and resources. If the procedure listed in chapter 3 is followed precisely, one
new catalyst can be methodically analyzed in one week, assuming no repetition is
required and no instrument is out of calibration.
The assessment of new ERC catalysts has been an extremely challenging journey.
It is therefore imperative to write about the possible enhancements that could be made by
a future researcher on the project. One must remember that an increase in catalytic
current in the CV alone cannot be a proof of ERC activity of the catalyst. It must be used
in harmony with the BE experiment result to present a logical report of the catalyst. There
are numerous products formed in the BE headspace and solution. Evaluating all the
products accurately is an extremely challenging task. Nevertheless, an efficient approach
to augmenting the performance of a catalyst would be to reverse engineer the catalyst
structure. This means one would select the product of interest first, then explore the
mechanism of ERC process leading to formation of the desired product and finally,
modify the catalyst based on the result. This approach offers a dual advantage of
increased selectivity and rational catalyst design. Moreover, this work would involve a
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synergistic relationship between the individual involved in the design and synthesis of the
catalyst and the one involved in testing it.
The catalysts tested in the current study were used as given by the synthetic
chemists. Ideally, before testing the final product, it is recommended that the CV of
individual ligands constituting the product be tested in the same solvent and electrolyte.
The data obtained could be used to validate any extra peaks observed in the CV of the
catalyst. Moreover, the data can also help identify the impurities present in the final
complex that might have been difficult to pin-point using NMR. For example, the Fepincer complex obtained is para-magnetic in nature. The 1H NMR peak resolution is
lowered in presence of a paramagnetic compounds due to wider chemical shift ranges and
broadened signals.48 Thus, the final Fe-complex used had dubious purity that leads to
uncertain inferences about the catalyst. However, the major emphasis of the present work
was to develop a comprehensive testing protocol for catalyst assessment. Therefore, the
assessment of the catalyst was simultaneously used to enhance experimental parameters.
However, for future work, it is critical that a spectroscopically pure chemical compound
is being assessed. It is suggested that the compound from same lot be used to get an ERC
evaluation because the lot to lot variability of the compound can result in inconsistent
performance as a reduction catalyst.
The current study is limited to analyzing CO and H2 in the headspace and formate
in the solution phase. Once a good catalyst has been found, the next step must be to
develop methods to qualitatively identify other products that might exist in the solution
phase. The qualitative results can be used to develop quantitative analytical techniques.
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The formate analysis was done using Tollens’ test before developing the UV-vis
quantitation method.
The current CO2 levels are alarming scientists, and the shift to renewable energy
is still out of reach. Therefore, CO2 remediation using economically viable catalyst and
sustainable methods is an urgent prerequisite. This project described a workable approach
that could lead to solving the climate crisis we face today.
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